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Protoplanetary discs set the initial conditions for planetformation. By combining
observations with detailed modelling, it is possible to constrain the physics and
chemistry in such discs.
I have used the detailed thermo-chemical disc model ProDiMo to explore the
characteristics of the gas in protoplanetary discs, particularly in Herbig Ae objects.
I have assessed the ability of various observational data torace the disc properties.
This has involved a number of different approaches. Firstly I compute a series of disc
models with increasing mass, in order to test the diagnosticpowers of various emission
lines, in particular as gas mass tracers. This approach is then expanded to a large multi-
parameter grid of∼ 105 disc models. I have helped to develop a tool for analysing and
plotting the huge quantity of data presented by such a model grid.
Following this approach I move on to a detailed study of the Herbig Ae star HD
163296, attempting to fit the large wealth of available observations simultaneously.
These include new Herschel observations of the far-infrared emission lines, as well
as interferometric CO observations and a large number of continuum data. This study
addresses the topical issues of the disc gas/dust ratio, and the treatment of the disc outer
edge. It explores the eff cts of dust settling, UV variability and stellar X-ray emission
on the disc chemistry and line emission. There is possible evidence for gas-depletion
in the disc of HD 163296, with the line emission enhanced by dust settling, which
would indicate a later evolutionary stage for this disc thansuggested by other studies.
Finally, I work to improve the treatment of the gas heating/cooling balance in
ProDiMo, by introducing a non-LTE treatment of the atomic hydrogen line transitions
and bound-free continuum transitions. I explore the eff cts of this on the disc chemical
and thermal structure, and assess its impact in terms of the obs rvable quantities.
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Montesinos, Gaspard Duchêne and Bill Dent for their usefulcomments and advice.
I would like to thank everyone at the Royal Observatory for making my time here
so enjoyable, and for keeping my seat warm the rest of the time. I also acknowledge
the Science and Technology Facilities Council (STFC) for giving me the opportunity
to complete this PhD.
Thanks to my parents Steve and Lesley, my sister Rachel, and to all he friends
in Edinburgh and elsewhere who have supported and humoured me throughout,
regardless of whether or not they had any idea what “The Prof”was up to. Finally I
would like to thank the members of Trapped Mice and Seneka forthe music, memories,







List of figures vi
List of tables xi
1 Introduction 1
1.1 The Importance of Protoplanetary Discs . . . . . . . . . . . . . .. . 1
1.2 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2 A Review of Protoplanetary Disk Studies 6
2.1 Disc Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 PDR Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3 Thermo-chemical Disc Modelling . . . . . . . . . . . . . . . . . . . 13
2.4 Disc Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3 ProDiMo 20
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.2 Hydrostatic Disc Structure . . . . . . . . . . . . . . . . . . . . . . . 21
3.3 Continuum Radiative Transfer . . . . . . . . . . . . . . . . . . . . . 21
3.4 Chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.5 Gas Thermal Balance . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.5.1 Non-LTE treatment of atoms, ions and molecules . . . . . .. 25
3.6 Atomic Hydrogen bound-free transitions . . . . . . . . . . . . .. . . 30
3.6.1 Rate coefficients . . . . . . . . . . . . . . . . . . . . . . . . 31
3.6.2 Hydrogen shielding . . . . . . . . . . . . . . . . . . . . . . . 31
3.6.3 External chemical rates . . . . . . . . . . . . . . . . . . . . . 32
3.6.4 Heating and cooling rates . . . . . . . . . . . . . . . . . . . . 32
iv
CONTENTS
4 Line Diagnostics in Herbig Ae Discs 35
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.2.1 Line radiative transfer . . . . . . . . . . . . . . . . . . . . . 38
4.3 The disc models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.3.1 Physical structure . . . . . . . . . . . . . . . . . . . . . . . . 42
4.3.2 Chemical structure . . . . . . . . . . . . . . . . . . . . . . . 42
4.3.3 Self-similarity . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.3.4 Strength of UV field . . . . . . . . . . . . . . . . . . . . . . 46
4.3.5 Dust opacities . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.4 Line emission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.4.1 Far-infrared fine structure lines . . . . . . . . . . . . . . . . .47
4.4.2 CO sub-mm lines . . . . . . . . . . . . . . . . . . . . . . . . 49
4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.5.1 Far-infrared fine structure lines . . . . . . . . . . . . . . . . .54
4.5.2 CO sub-mm lines and line ratios . . . . . . . . . . . . . . . . 55
4.5.3 Comparison with observations for MWC480 . . . . . . . . . 57
4.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5 The DENT Model Grid 60
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
5.2 Grid Computation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
5.3 xDENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
5.3.1 Model selection . . . . . . . . . . . . . . . . . . . . . . . . . 64
5.3.2 Plotting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
5.3.3 Model fitting . . . . . . . . . . . . . . . . . . . . . . . . . . 69
5.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
6 Gas Modelling in the Disc of HD 163296 73
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
6.2 Herschel/PACS Observations . . . . . . . . . . . . . . . . . . . . . . 76
6.3 Properties of HD 163296 . . . . . . . . . . . . . . . . . . . . . . . . 79
6.3.1 Stellar parameters . . . . . . . . . . . . . . . . . . . . . . . . 79
6.3.2 The SED: UV, optical and near-IR observations . . . . . . .. 80
6.3.3 Spectral type from the ultraviolet and near-infraredspectra . . 82
6.3.4 The extinction . . . . . . . . . . . . . . . . . . . . . . . . . 83
6.3.5 Observational constraints . . . . . . . . . . . . . . . . . . . . 84
6.4 Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
6.4.1 Input spectrum . . . . . . . . . . . . . . . . . . . . . . . . . 87
6.4.2 Fitting procedure . . . . . . . . . . . . . . . . . . . . . . . . 88
6.4.3 Dust properties . . . . . . . . . . . . . . . . . . . . . . . . . 88
6.4.4 Gas/dust ratio . . . . . . . . . . . . . . . . . . . . . . . . . . 89
6.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
v
CONTENTS
6.5.1 Continuum emission and spectral energy distribution. . . . . 92
6.5.2 Gas properties . . . . . . . . . . . . . . . . . . . . . . . . . 96
6.5.3 Effect of X-rays . . . . . . . . . . . . . . . . . . . . . . . . . 107
6.6 Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . 109
7 Atomic Hydrogen Modelling in ProDiMo 113
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
7.2 HD 163296 Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
7.3 HD 45677 Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
7.3.1 Comparison with observations . . . . . . . . . . . . . . . . . 119






1.1 HST ACS optical image of the dust disc around the star HD 141569A.
This is a young, 5 million year old object which appears to be part of
a triple-star system. The disc exhibits a tightly wound spiral structure,
and there is evidence that this is associated with the nearbybinary
system (HD 141569BC) [Clampin et al., 2003]. . . . . . . . . . . . . 2
1.2 Synthetic Spectral Energy Distribution (SED) from the young Herbig
Ae star HD 163296, highlighting the excess emission arisingfrom the
circumstellar disc (black line) relative to the stellar spectrum (red). The
gas emission lines from the disc are shown in blue. . . . . . . . . .. 4
2.1 Schematic diagram of a circumstellar disc, showing the dominant
observable gas lines in the various disc regions, and typical gas
temperatures and densities at each disc radius. . . . . . . . . . .. . . 12
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4.2 From top to bottom row: disc models with 10−2, 10−3, 10−4 and
10−5 M⊙. The first column shows the C+ density with white contours
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0.01. The second column shows the O density with white contours
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and 5× 105 cm−3, and a density of 108 cm−3. Extinctions ofAV = 0.1
and 1 are denoted by the red contour lines. The third column show
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50, 100, and 200 K and the blue contours indicating dust temperatures
of 50, 100, and 200 K). . . . . . . . . . . . . . . . . . . . . . . . . . 44
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4.4 Top panel: CO J=3-2 line emission flux from the 2. × 10−2 M⊙
model at a distance of 131 pc and an inclination of 45 degrees.The
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1.1 The Importance of Protoplanetary Discs
The search for life outside our solar system is surely one of our most exciting scientific
endeavours. It is known already that at least 10% of nearby Solar-like stars harbour
a planetary system [Fischer and Valenti, 2005], and every month the tally of detected
exoplanets creeps upwards. The prospect of discovering a habitable Earth-like planet
seems tantalisingly close, although the likelihood of thisis still pure speculation. There
are a number of criteria we think a planet would have to satisfy before the genesis of
life. We believe it should lie in the “Goldilocks zone”, withemperatures neither too
hot nor too cold, and indeed just right for the accumulation of liquid water. Early life
would also need to avoid the myriad hazards of a young planetary system, including
harmful X-rays and ultra-violet (UV) radiation from the central star, as well as potential
asteroid bombardment.
In order to begin to predict how frequently such life-friendly conditions might
occur in our Galaxy and beyond, it is important to understandthe process by which
planetary systems form. Our current view of planet formation leaves many questions
unanswered, but one way in which all contemporary models agree is that planets
were born out of a disc of gas and dust orbiting young stars (see Fig. 1.1). Such
“protoplanetary discs” are a key feature in our picture of star formation, surviving for
around ten million years in the crucial intermediate phase between the initial collapse
of a molecular cloud to form the star, and the eventual formation of a stable planetary
system [Hartmann, 1998].
Protoplanetary discs are characterised observationally by an excess emission in the
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Figure 1.1: HST ACS optical image of the dust disc around the star HD 141569A. This
is a young, 5 million year old object which appears to be part of a triple-star system.
The disc exhibits a tightly wound spiral structure, and there is evidence that this is
associated with the nearby binary system (HD 141569BC) [Clampin et al., 2003].
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infra-red (IR) over that which would be expected from the stellar photosphere (see
Fig. 1.2). Early disc models [Lynden-Bell and Pringle, 1974, Shakura and Syunyaev,
1973] predicted such emission as a natural consequence of warm dust in the discs,
heated at the disc surface by stellar radiation, and from within by viscous dissipative
processes.
One way to gather information about the structure of such discs to analyse
this dust emission, and compare it to that predicted by computational models. While
dust observations alone can give us some insight into the physical conditions around
young stars, a much more powerful option is to couple these with observations of
the gas in discs. The warm, bright conditions in protoplanetry discs lead to a rich
and complex chemistry, and the various chemical species canbe studied through line
emission to build up a detailed picture of the disc compositin. This is technically
quite demanding, requiring extensive chemical and thermalmodelling of the discs in
order to predict the extent to which the various observationl signatures should be
detected. At present there have been many large-scale survey of the dust content of
discs, but the gas content is less well-understood. This is despite the gas mass in discs
dominating over the dust mass by a factor of 100 or more. Figure 1.2 gives an example
of the combined modelling of gas and dust in discs. It predicts both the thermal dust
emission and the gas line emission from a specific object, andthese can be compared
with observations of that object in order to constrain the disc properties.
One important property is the amount of gas present in the disc at different stages
in its evolution, from an initially gas-rich disc through toa gas-poor debris disc.
Knowledge of the disc gas mass can help to distinguish between different planet
formation models, but it is currently unclear to what extentthe observed gas emission
lines can be used to infer the gas mass. It is clear that the “inv rsion” of observable
quantities to yield the disc properties requires a detailedunderstanding of the physical
processes at work in the disc, and the conditions under whicht e observed emission is
formed. Observations of atomic and molecular emission lines with a new generation of
instruments, coupled with detailed thermo-chemical disc modelling, allow us to vastly
improve our understanding of the composition of discs, and therefore constrain current
models of planet formation.
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Figure 1.2: Synthetic Spectral Energy Distribution (SED) from the young Herbig Ae
star HD 163296, highlighting the excess emission arising from the circumstellar disc
(black line) relative to the stellar spectrum (red). The gasemission lines from the disc




In this thesis, I use detailed disc modelling to attempt to improve our understanding
of the physical and chemical processes which determine the emission we see from
discs. This involves a number of different approaches, with a common aim to assess
the power of observations to accurately probe the disc properties.
In Chapter 2 I summarise the major developments in disc modelling which are
relevant to the work described in this thesis, and outline the key observational studies
which have led to our current understanding of disc structure. In Chapter 3 I describe
the key features of ProDiMo, a thermo-chemical disc code which has been used as the
basis for the modelling carried out in the following work.
Chapter 4 uses ProDiMo to assess the diagnostic power of various gas emission
lines, in particular attempting to determine the extent to which the line emission can
probe the gas mass present in the disc. I compute a series of models with increasing
gas mass, to see if it is possible to infer the mass from the predicted line emission. In
Chapter 5 this approach is expanded to a large multi-parameter study, in which a grid
of ∼ 300000 models spanning parameter space is computed, in order t s ek trends in
the observable quantities, and so attempt to infer the disc properties from observations.
In Chapter 6 I turn my attention to a single object, the HerbigAe star HD 163296.
I attempt simultaneous model fits to the large wealth of availble data for this object,
in order to derive the disc properties.
In Chapter 7 I describe developing work in which I examine theimpact of
introducing the bound-free continuum and bound-bound linetransitions of atomic
hydrogen as heating and cooling processes, and the effect this has on the disc thermal




A Review of Protoplanetary Disk
Studies
In this chapter I explore and summarise previous efforts to further our understanding
of circumstellar discs. I outline the development of disc modelling towards its current
state, as well as the key observational evidence which underpins our current picture of
protoplanetary discs.
2.1 Disc Modelling
It has long been of interest to model circumstellar discs, from their formation through
to eventual planetary systems and debris discs. As a protostellar cloud collapses a
shock wave is formed causing the initially supersonic in-falling gas to thermalise
and find itself in hydrostatic equilibrium in the midplane. Any initial net angular
momentum of the collapsing molecular cloud will be conserved during collapse,
resulting in a flattened disc structure [Hartmann, 1998].
Since the 1970s astronomers have been interested in the evolution of these
circumstellar discs. Early models by Lynden-Bell and Pringle [1974] and Shakura
and Syunyaev [1973] treat the matter in the disc as evolving through viscous accretion.
In a disc with matter in Keplerian rotation, there is a natural velocity gradient between
matter in adjacent orbits. This coupled with some form of viscosity causes angular
momentum to be transferred outwards through the disc, whilet e matter in the disc
accretes inwards, eventually falling onto the central star.
The exact nature of this viscosity is unclear even today, andcurrent models often
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utilise the ‘α-viscosity’ of Shakura and Syunyaev [1973], where the viscosity in a
steady (constant accretion rate,Ṁ) disc is given byν = αcsH. Herecs is the sound
speed in the disc,H is the disc scale height andα << 1 is a parameter which determines
the efficiency of angular momentum transport.
Using this formalism, as well as the assumption of a thin disc, Lynden-Bell and
Pringle [1974], and later Pringle [1981] were able to determine analytic expressions
describing the evolution of the disc density distribution with time. The thin disc
approximation assumes thatH << R at all radii, so that the disc can be described
by a vertically-integrated surface density,Σ(R). This was found to evolve according to
a viscous diffusion equation, with self-similar solutions for the disc struc ure.
At early stages of disc evolution matter is accreted throughthe disc, dissipating
its gravitational potential energy as it is processed at smaller nd smaller radii. This
heats the disc, and at early stages forms the main source of power f r the emitted disc
SED. Pringle [1981] calculated analytically the shape of the emitted spectrum for a
disc heated internally by viscous dissipation.
At later stagesṀ falls off, and the disc heating becomes dominated by radiation
from the central star. Circumstellar discs are characterised by emission in the infra-red
in excess of that expected from the stellar photosphere. In addition, the SED shape of
this excess emission is flatter than theλ−4/3 dependence predicted by thin disc models
[Rydgren and Zak, 1987]. This led Kenyon and Hartmann [1987]to propose a “flared”
disc structure, whereby the disc scale height increases with radius. This allows the
disc to be heated more efficiently by stellar radiation than for a thin disc, and SEDs
calculated from such models are able to reproduce observations. Other models, such
as those by Adams et al. [1987] had to resort to large dusty discs with larger mass then
expected in order to explain the IR excess.
Chiang and Goldreich [1997] developed semi-analytical models for such “passive”
discs where the disc heating is dominated by stellar irradiation. They utilised an
optically thin surface layer of “superheated” dust grains which regulate the interior
temperature of the disc. With this simple two-layer model, they again found that disc
heating causes the disc to flare, which in turn leads to more efficient irradiation and
further flaring, reproducing the observed SED slope in the IR.
While early disc models treated discs as being geometrically thin, with their
properties expressed as functions of radius alone, the thindisc approximation is
inherently limited when trying to probe the detailed disc struc ure. By considering
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the disc properties (temperature, density, ionisation etc.) as a function of height,z, we
open up a plethora of potential observational diagnostics to onstrain the structure and
composition of the disc.
Studies such as those of D’Alessio et al. [1998] and Bell et al. [1997] have
attempted to model the detailed vertical structure of circumstellar discs. This is
achieved by solving the equations of pressure balance coupled to the equations of
radiative transfer. D’Alessio et al. [1998] considered a disc heated both by viscous
dissipation and by irradiation from its central star. The gas and dust in the disc
was assumed to be well mixed and thermally coupled, so that the gas temperature
Tg and dust temperatureTd are equal at any given location in the disc. They found
that stellar irradiation was the dominant heating agent except for in the inner disc
(R < 2AU). By comparing an irradiated model disc to the purely viscous case, they
found that the irradiated disc had a flatter temperature distribution with radius in both
the midplane and photosphere,T ∝ R−1/2, as well as a smaller surface densityΣ
at given radius. Stellar irradiation also had the effect of stabilising the disc against
gravitational perturbations, increasing the Toomre criterion to a valueQ = csΩ
πGΣ > 1.
Here cs is the gas sound speed,Ω the Keplerian angular frequency andΣ the disc
surface density. One weakness of the D’Alessio et al. [1998]model is the assumption
of thermal coupling between gas and dust. The disc photosphere, where most of the
stellar radiation is absorbed, has low pressure and density, and so coupling should not
be very efficient. Chiang and Goldreich [1997] commented that one should allow for
different gas and dust temperatures when considering processessuch as molecular line
emission, and this is something that will prove key to my project.
Another weakness of these models [D’Alessio et al., 1998, Bell et al., 1997] is
their simplified treatment of radiative transfer, which uses the frequency-integrated
moment equations in the Eddington approximation with Planck and Rosseland-mean
opacities. Indeed, D’Alessio et al. [1998] found the temperature in the upper disc
atmosphere to be very sensitive to the assumed values of meanopacity. The reason
for this simplification is that solving the full angle and frequency-dependent radiative
transfer equations was (and still is, to a lesser extent) a challenging technical problem.
The Eddington approximation assumes isotropic frequency-i dependent scattering.
From the radiative intensityJ one can define the angle-integrated moments of
radiation,H (first moment) andK (second moment). The Eddington approximation
assumes a constant value for the “Eddington factor”,f =1/3, such thatK= f × J= J/3.
8
2.1. Disc Modelling
This approximation makes it far easier to solve the radiative ransfer, but is valid
only in the diffusion regime whereτ >> 1. Care should be taken when attempting
to apply the Eddington approximation under standard disc conditi ns. An improved
version of this treatment was utilised by Malbet et al. [2001]. The Variable Eddington
Factor method calculates the Eddington factors on the fly, asa function of heightz,
as opposed to assuming one constant value. This allowed Malbet et al. [2001] to
solve the angle-dependent transfer problem (instead of assuming an isotropic radiation
field), giving analytical formulae for the disc temperaturedistribution as a function
of optical depth,τ. They assumed a radial distribution given by a modified version
of the analytical Shakura and Syunyaev [1973] formulation,a d used this coupled
with their radiative transfer calculations to give two-dimensional maps of temperature,
pressure and density in the disc. From these they computed predicted SEDs and high
resolution images for comparison with observations, although they didn’t perform
these comparisons themselves.
While Malbet et al. [2001] took the step of including angle-dpendent radiative
transfer calculations (albeit simplified) in their models,they were still reliant on “grey”
mean opacities. The actual dust opacities in discs are knownt vary considerably
with frequency, and Dullemond et al. [2002] went one better than previous studies
by including full frequency and angle-dependent radiativeransfer. They computed
the vertical temperature and density structure of passive (i.e. negligible heating by
viscous dissipation) irradiated discs around T Tauri and Herbig Ae/Be stars. They
found that the full radiative transfer treatment gave a lower midplane temperature
over most of the disc when compared to the previous moment equations treatment,
a difference of up to 70%. The frequency dependent opacities had more of an effect on
the results than the inclusion of angle-dependent radiative transfer, leading Dullemond
et al. [2002] to conclude that it is OK to employ the Eddingtonapproximation as
long as frequency-dependent opacities are used. Malbet et al. [2001] argue that it
is important to consider the detailed vertical structure when interpreting disc SED
observations, as opposed to the practice of using ad-hoc power la s to extract surface
density, scale height etc. from the data. Dullemond et al. [2002], however, find that
their more sophisticated radiative transfer treatment hasonly a minor effect on the
predicted SED when compared to more basic models. This is despite the differences in
internal structure. Their SED results are similar even to those of Chiang and Goldreich
[1997], with their analytical disc models. Dullemond et al.[2002] conclude that it is
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not possible to learn much about the vertical structure of a passive disc from its SED
alone, and suggest than molecular line emission would be a better probe of the vertical
temperature and density structure.
Dullemond et al. [2002] computed predicted line fluxes and lie profiles for CO,
13CO and C18O as a way of determining the vertical temperature profile, asthe e
species probe successively deeper disc layers. Their treatment was illuminating as
a first order approximation, however the assumptions used would preclude the use of
their results when interpreting real observations. They assumed a flaring disc shape,
with the disc illuminated by its star at all radii, ignoring any self-shadowing effects
due to a puffed-up inner rim etc. Also they assumed constant chemical abundances
throughout the disc, ignoring various microphysical processes which would affect the
abundances of their species (e.g. photodissociation, chemi al freeze-out on grains). In
order to compute line transfer results for comparison with observations, it is desirable
to obtain a disc model where all (or much) of the microphysics, such as chemistry and
gas energy balance, is considered.
2.2 PDR Modelling
The low-density, irradiated disc surface, where most of thesp ctral lines form,
resembles photon dominated regions or photodissociation regions (PDRs), which are
responsible for many emission characteristics of the ISM. PDRs are traditionally
defined as regions where hydrogen-non-ionising far-ultraviolet photons (FUV, 6<
hν < 13.6 eV) from stellar sources control the gas heating and chemistry. Ionising
radiation is assumed to be absorbed in a narrow ionisation front between a Hii region
and a PDR. PDRs are cooled via atomic and molecular line emission from the gas
component, and by continuum emission from dust. There are a number of specific
mechanisms by which the gas is heated. These include photoelec ric emission from
grains, triggered by absorption of FUV photons. Photoelectric heating is also provided
by polycyclic aromatic hydrocarbons (PAHs), which at present are treated simply as
microscopic dust grains, although their precise role is farfrom understood [Shaw,
2006, Geers et al., 2009]. Other sources of gas heating are turbulence, cosmic ray
heating and chemical heating.
The chemical structure of the gas in a PDR is determined largely by the FUV
intensity. At low visual extinction AV into the cloud, the high FUV intensity induces
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ionisation and photodissociation reactions. At larger optical depth where the FUV
intensity drops off, more complex species can be formed without being destroyed
immediately by FUV photons. This produces the classic layered structure of PDRs,
with transitions H→ H2 and C+ → C→ CO with increasing AV [Hollenbach et al.,
1971, Glassgold and Langer, 1975]. This in turn affects the cooling. At low extinctions,
the gas is cooled by emission of atomic fine-structure lines,mainly [Oi]63µm and
[C ii]158µm. At larger depths molecular rotational line cooling in themillimetre, sub-
millimetre and far infra-red becomes important (CO, OH, H2 H2O etc).
In order to model a PDR it is necessary to compute all relevantlocal properties
of the cloud such as the gas and dust temperature, gas pressure, relative abundance
of each chemical species and their level populations, dust composition, as well as the
local radiation field. The local wavelength-dependent radiation intensity affects the
gas and dust heating, photochemical reaction rates, and molecular excitation levels.
It is coupled in general to remote parts of the cloud, and depends on the integrated
absorption (again wavelength-dependent) along different lines of sight to the local
position. This non-local coupling makes numerical PDR calcul tions computationally
expensive.
In order to solve for the chemical abundances throughout a PDR, it is necessary
to amass a database of astrochemical reactions, with rates for reactions between
the various species in the chemical network. One such database is the Umist
2006 compilation [Woodall et al., 2007]), which contains data for 420 species,
including 4573 chemical reactions. For gas-phase reactions the rate coefficients are
parameterised as functions of temperature, in an Arrheniuslaw. The database also
includes photoreactions, cosmic-ray ionisation and cosmic-ray-induced photoreactions
(see Chapter 3). The rate coefficients are obtained from various sources, for instance
from direct laboratory measurement or theoretical calculation, and come with an
estimate of their accuracy. This is a valuable tool when attemp ing to model chemical
networks, although care should be taken when applying the rate coefficients outside
ISM conditions. Each reaction has a temperature range for which t e given formula is
valid, and conditions in a protoplanetary disc may well falloutside of this range. It is
also important to consider non-gas-phase processes such asgrain chemistry.
The majority of PDR models feature plane-parallel geometry, illuminated either
from one side or both sides, and either isotropically or withd rected light perpendicular
to the slab. The latter case simplifies the problem by considering a single line of sight
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Figure 2.1: Schematic diagram of a circumstellar disc, showing the dominant
observable gas lines in the various disc regions, and typical gas temperatures and
densities at each disc radius.
[Flannery et al., 1980]. Another common geometry employed is the spherical case,
and there are also a number of specialist PDR models employing disc geometry. A
schematic diagram for the disc geometry case is shown in Figure 2.1, illustrating the
typical PDR transition from ionised gas in the disc surface layer, through to atomic
and molecular gas at progressively greater depth. This stratification allows us to probe
conditions in different disc regions by observing the various gas emission lines (see
Figure 2.1).
Röllig et al. [2007] carried out a comparison of 11 different PDR codes, in an
attempt to determine their agreement under various benchmark settings. The codes
were designed for a wide range of specific applications, withdifferent treatments and
priorities (e.g. model geometry, detailed microphysics versus computational speed).
Even so, the models were all in reasonable agreement after benchmarking, with a
couple of exceptions for the more ‘extreme’ conditions. There was some uncertainty
in the temperature profiles at low density and high UV intensity, where the tenuous
ionised gas can be sensitive to the assumed values of rate coefficients etc. Also there
was some uncertainty in the H2 density profile at high density, where the large optical
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depth requires long integrations when calculating the radiative transfer and so can be
computationally expensive.
2.3 Thermo-chemical Disc Modelling
Thermo-chemical Disc Models are a class of protoplanetary disc model where the
detailed microphysics are computed, with a view to calculating he chemical and
physical composition of the gas and dust in a disc. The main improvement on previous
models is in modelling the disc properties in 2D, as opposed to approximating the
disc as a 1D structure with discrete layers. By modelling thec mical abundances
along with the temperature and density distribution, it is possible to predict the
level populations of the various chemical species in order to carry out line transfer
calculations for comparison with atomic and molecular emission line observations.
This has vast potential for probing the internal structure and dynamics of discs, to a far
greater extent than offered by dust continuum modelling. The ultimate aim is to obtain
a set of diagnostic gas emission lines such that observed disc spectra can be inverted
to reliably infer the disc composition, mass, temperature profile etc.
Najita et al. [2007] reviewed some of the developments in modelling the gas in
circumstellar discs, with particular reference to the inner disc (R < 10AU) where
planets are likely to form. Indeed, the inner disc is a potentially fertile pasture for
the study of planet formation, since the lifetime of gas in the inner disc places an upper
limit on the timescale for planet formation. Also the amountof residual gas in the
terrestrial planet region may help define the final mass and eccentricity of such planets,
and so could affect the likelihood of finding solar systems like ours. The inner disc is
difficult to model due to its high temperature and density, as wellas uncertainties in
the truncation of gas and dust at the inner radius. The inner disc is also too small to
resolve spatially for systems of interest, although differential rotation can be utilised to
study discs using high resolution spectroscopy.
Najita et al. [2007] stress that while some conclusions can be drawn directly from
observational data combined with simple spectral synthesis modelling, harnessing the
full diagnostic potential of disc observations will likelyrely on detailed models of their
thermal and chemical structure.
A popular simplification is to adopt a specified density distribution, and to solve the
chemical rate equations assuming a vertically isothermal disc. An improved method
13
2.3. Thermo-chemical Disc Modelling
(see Section 2.1) removes the assumption of vertical isothermality and calculates
the vertical thermal structure of the disc including viscous accretion heating and
stellar radiative heating under the assumption that the gasand dust temperatures are
the same [Calvet et al., 1991, D’Alessio et al., 1999]. From about 2001 onwards,
theoretical models showed that the gas temperature can become much larger than the
dust temperature in the disc atmosphere [Kamp and van Zadelhoff, 2001, Glassgold
and Najita, 2001], suggesting the need to treat gas and dust as two independent but
coupled thermodynamic systems.
There are a number of recurring questions hanging over the field of thermo-
chemical disc modelling. One of these is the treatment of chemistry. Our knowledge of
astrochemistry is based mainly on the ISM, whereas disc conditi s are significantly
warmer and more dense. It is also not obvious how much of an effect grain evolution in
discs has on the grain chemistry, or to what extent vertical and r dial mixing affects the
distribution of the different chemical species. The dust and gas heating and chemistry
are strongly dependent on the stellar UV flux, and the data forthis are currently quite
sparse, with a need for more measurements as a function of stellar age and evolutionary
state. It is important to use realistic fluxes in the FUV band (912 - 1100 Å) where C
can be photoionised and CO and H2 photodissociated. It is currently a matter of debate
whether stellar FUV or X-rays dominate the ionisation, chemistry and heating in the
gas [Meijerink et al., 2008]. This is important due to the difference in photon energy.
FUV photons are unable to ionise H, and are absorbed much morereadily by dust than
X-rays.
Kamp and Bertoldi [2000] developed a thermo-chemical disc model in order to
investigate CO in the circumstellar discs of Vega andβ Pictoris, the most prominent
A stars with gas discs. CO radio line observations by Zuckerman et al. [1995] of
A stars had failed to detect CO in these stars, suggesting that the gas was dissipated
over a timescale less than 107 years, not long enough to form a Jupiter-like planet.
In order to try and explain this apparent gas underabundance, Kamp and Bertoldi
[2000] used a simple thin hydrostatic disc model with a specified density distribution,
with the coupled dust and gas temperatures from radiative equilibrium with the stellar
photospheric UV flux. They used a chemical network with 47 species linked by 260
reactions. Their chemical modelling showed that photodissociation by stellar UV can
destroy CO, with the extent of this strongly dependent on thedisc mass. In Vega
the CO is completely dissociated, suggesting this is not a suit ble gas tracer in this
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case. In the more massiveβ Pictoris disc, the stellar UV field alone was unable to
dissociate all of its CO, although by adding an isotropic ISMUV field Kamp and
Bertoldi [2000] were able to reproduce the observed CO underabundances. They also
recognised that the midplane temperature dropped below 20K, the critical temperature
at which CO molecules start to freeze-out on grains. This could provide another source
of CO depletion. These results indicate that the non detection of individual molecular
lines does not necessarily imply a general gas depletion.
Hersant et al. [2009] is another example of disc modelling being used to study
CO, although this time to try and explain the opposite problem: the presence of gas-
phase CO below its freezing temperature. Millimeter interferometric observations of
several circumstellar discs around T Tauri stars revealed that large amounts of CO
remained gaseous at these temperatures, as low as 10K. This suggested that some non-
thermal desorption process was acting to remove CO from grains nd replenish the
gas-phase CO. Hersant et al. [2009] investigated two of these processes: turbulent
mixing and photodesorption. They used a simple disc model with all parameters
expressed as radial power laws. The vertical temperature distribution was given two
distinct layers, a cold midplane layer withT = 10K and a warm upper layer in
radiative equilibrium with the central star. The chemical evolution was calculated
using a one-dimensional vertical time-dependent model runfor 105 years. This was
repeated with and without photodesorption and turbulent mixing, where the latter was
implemented using a vertical viscous diffusion equation. Hersant et al. [2009] found
that photodesorption significantly enhances the gas-phaseCO abundance when the
visual extinction, AV < 5, whereas turbulent mixing had only a minor effect on its
abundance. This would seem to suggest photodesorption as the likely source of gas-
phase CO atT < Tfreeze, although the resulting dependence of column density,N,
on radius was not consistent with observations. Their results were also sensitive to
the choice of transition height between the warm and cold layers, suggesting a more
sophisticated model is needed in order to reliably explain the presence of this cold
gas-phase CO.
Kamp and Dullemond [2004] computed disc models where the gasand dust
temperatures were allowed to decouple, and the gas temperature Tg computed in
a self-consistent manner, featuring detailed heating and cooling mechanisms from
PDR modelling. These included photoelectric heating, dissociative heating, dust-gas
thermal heat exchange and line cooling. They found that the gas and dust temperatures
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were equal to within 10% in the surface region where the dust con inuum emission
features are produced. High above the disc, however,Tg increased aboveTd, as high
as∼ 104K in the inner disc. Kamp and Dullemond [2004] concluded thatin order to
accurately determine the thermal behaviour of the disc gas when allowed to decouple
from the dust, it was necessary to develop models with self-consistent disc structure,
where the structure and gas temperature determination are solved iteratively.
ProDiMo [Woitke et al., 2009a,b] is a high-level radiation thermo-chemical disc
model where the disc structure is solved iteratively with the 2D radiative transfer,
chemistry and thermal balance in order to give fully self-consistent models. ProDiMo
is used extensively throughout this thesis, and the features most relevant to this work
are outlined in Chapter 3. Firstly, however, I will review the key observational studies
which have shaped our current understanding of discs, and their gas.
2.4 Disc Observations
In 1985 IRAS observations yielded the first indication of thepr sence of circumstellar
matter around A-type stars. Aumann [1985] reported a significant infra-red excess
in the two bright stars Vega andβ Pictoris, and this has been widely interpreted as
coming from circumstellar dust which is heated by stellar radiation to temperatures of
order 100K. Many disc models have made predictions about thenature of this excess
SED emission, or otherwise attempted to fit existing observations [Lynden-Bell and
Pringle, 1974, Kenyon and Hartmann, 1987]. Calculations inge eral give clear IR
signatures, underpinning continuum observations. Strom et al. [1989] used IR excess
emission to infer the presence of circumstellar discs around 60% of the youngest pre-
main sequence stars in their sample.
Beckwith et al. [1990] carried out a survey for circumstellar discs around young
stellar objects (YSOs). Their continuum observations at 1.3mm in the Taurus-
Auriga dark clouds indicated that 42% of objects have detectable emission from small
particles. They calculated dust masses in the range 10−5 < Mdust < 10−2 M⊙. The
dust-to-gas ratio is usually assumed to have a value of 0.01,giving disc masses of
10−3 < Mdisc < 1 M⊙. By observing stars with different ages, Beckwith et al. [1990]
concluded thatMdisc doesn’t decrease with increasing stellar age up to at least 107
years. However, care should be taken when trying to determindisc masses from
continuum observations. Discs are opaque forλ < 100µm, meaning infra-red and
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visible continuum emission are insensitive toMdust, and are suitable for probing only
the surface temperature structure of discs. Dust emission ihowever optically thin
for λ ∼ 1mm, hence proportional to the dust column density, and so should be a
good way to measure dust mass (though not necessarily gas mass). One problem with
this method, however, is its reliance on an assumed dust opacity at mm wavelengths,
whereas in reality this can be a strong function of dust composition, grain size etc.
Other observational signatures can indicate the presence of a circumstellar disc.
Discs can shield receding portions of stellar mass loss fromview, giving preferentially
blue-shifted lines [Reipurth et al., 1996]. Also anomalousy large extinction may be
observed for discs seen edge-on [Schneider et al., 2012], aswell as asymmetrical
scattering of visual and near infra-red from stars, and large degrees of polarisation
of starlight [Min et al., 2012].
In general SED fits are unable to give a unique solution for thetemperature and
density structure of a disc. There are typically a number of configurations of dust
distribution, composition, grain size etc. that are able tofit an SED. One robust
result however is the presence of high temperature dust in the surface layers of
discs, suggesting more efficient stellar irradiation than for a thin disc. This has been
interpreted as evidence for a common flaring disc shape [Kenyon and Hartmann,
1987]. In order to probe the inner layers of a disc it is desirable to observe molecular
line transitions. By observing lines that become opticallythick at different heights
in the disc, it is possible to constrain the vertical temperature and density structure
independently. Also high resolution spectra can yield positional information through
interpretation of line profiles.
van Zadelhoff et al. [2001] observed the sub-mm lines of CO, HCO+ and HCN
from discs around low mass pre-main sequence stars, up to theJ=6-5 transition in
CO and J=4-3 in HCO+ and HCN. By interpreting the ratios between various line
fluxes, and theτ = 1 surfaces of the lines, van Zadelhoff et al. [2001] proposed that
most of the observed line emission originated in an intermediat disc layer in the outer
disc regions, with moderately warm temperature and density= 106 − 108 cm−3.
The 13CO isotope lines were optically thin and so capable of probing the cold disc
midplane, unless these molecules are frozen out completely. The computed molecular
abundances indicated large depletions compared to dark cloud abundances,> 100 in
some cases. This suggests a significant freeze out of all the obs rved species atT <
22K. Depletions were also observed in the warm upper layer, due to photodissociation
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by stellar and interstellar UV (see Section 2.3). The highest d pletions were observed
in the active X-ray and UV star TW Hya.
A more ambitious study was carried out by Thi et al. [2004], using single dish
millimetre and sub-mm observations to search for various transitions around two T
Tauri and two Herbig Ae stars. Some more complex molecules were included in the
study, with H2CO lines found towards one star, however there were no detections for
CH3OH, SO and CS. As for the van Zadelhoff et al. [2001] study, a lower species
abundance was observed than in the envelope around a low massproto tar (IRAS
16293-2422), suggesting depletion due to freeze-out on grai s (in the midplane) and
photodissociation (in the upper layers). Thi et al. [2004] propose that studying the
similarities and differences between discs and protostellar envelopes can allowus to
constrain chemical models. They also suggest comparison with comets, as these could
give a chemical record of the primitive sola nebula due to spending most of their time
in the cold outer regions of the Solar System.
Thi et al. [2004] analysed the line profiles of the various lines to yield information
about the disc structure. Disc size estimates were obtainedfrom model fits to the
12CO J=3-2 line profiles. This profile was observed to be double peaked for three of
the objects, with velocity width∼ 2km/s, interpreted as discs undergoing Keplerian
rotation viewed at an inclination anglei. The fourth object, TW Hya, had a single
Gaussian line profile for the12CO J=3-2 line, indicating a disc seen face-on. The
absence of any extended velocity wings in the profiles suggests that no molecular
outflows are present in any of the objects. Mean kinetic temperatures were estimated
from the line ratios. For instance, the13CO J=3-2/1-0 ratio of 1.35 ± 0.4 gave a
temperatureTk ∼ 20− 40K, assuming both lines were optically thin. Thi et al. [2004]
noted that the detection of molecules in discs is often hampered by the small size of
a disc compared to the beam size of a single dish telescope. Also the total amount of
material present is small (a few×10−2M⊙ at most), and so observations are limited to
the most abundant species.
Piétu et al. [2007] carried out sub-arcsecond CO observations of the low transition
millimeter lines. They found evidence for a vertical temperatu e gradient in two of
their three objects. The data were fitted to a simple disc model wh re all parameters
were expressed as power laws inR, in order to try and constrain the disc parameters.
They justified the use of this ad-hoc model, without any dependence on height,z, by
the limitations of current sub-mm and millimeter arrays, although this will be rectified
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ProDiMo (Protoplanetary Disc Model, Woitke et al. 2009a,b) is a radiation thermo-
chemical disc model, based on the models of Inga Kamp [Kamp and v Zadelhoff,
2001, Kamp and Dullemond, 2004]. It improves on previous models by including
an option to calculate the disc structure fully self-consistently. ProDiMo uses the
solution of radiative transfer, chemistry and thermal balance to in turn determine the
new gas sound speeds and adjust the hydrostatic disc structure accordingly. These
global iterations allow the fully consistent calculation of the physical, chemical and
thermal structure of the gas in protoplanetary discs. Another major improvement of
this model is the inclusion of additional high density/high temperature heating and
cooling processes. These are relevant to the inner part of the disc, where the conditions
are analogous to those in the tenuous atmospheres of cool stars. This allows the models
to extend closer to the star and include modelling of the discinner rim.
The model iterates through the calculations of 2D dust continuum radiative transfer,
solution of the chemical network, calculation of heating and cooling balance, before
re-calculating the hydrostatic disc structure.
I have used ProDiMo extensively for the modelling efforts described in later
chapters. I have also modified the code, introducing the bound-bound and bound-
free continuum transitions of atomic hydrogen as a high temperature heating and
cooling process. The approach I have adopted for these improvements is described
in Section 3.6, but first I will briefly outline the core methods used in ProDiMo.
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3.2 Hydrostatic Disc Structure
The disc is modelled as being in vertical hydrostatic equilibrium in axial symmetry,
with Keplerian rotation about thez-axis. This ignores the effect of self-gravity, and
assumes the radial pressure gradient is small compared to the centrifugal acceleration







(r2 + z2) 3/2
(3.1)
which can be integrated from the midplane upwards by substitting p = c2Tρ, and
assuming the isothermal sound speedcT is a known function ofz. The density results






ProDiMo assumes a power law distribution of the column density,Σ = Σ0r−ǫ for
the main part of the disc, whereǫ is specified as program input, andΣ0 is determined





Σ(r) r dr (3.3)
Due to the artificial nature of an abrupt cutoff in density atRin andRout, the model
has the option to employ ‘soft edges’, where the density cutoff is smoothed in a manner
consistent with angular momentum conservation at such a boundary.
3.3 Continuum Radiative Transfer
The local continuous radiation fieldJν (r, z) determines the local dust temperature
Td (r, z), which in turn affects the heating and cooling balance through gas-dust
collisions, as well as the grain surface chemistry.Jν itself determines the photo-
chemical reaction rate (e.g. photodissociation, photoionisation), as well as the rate of
photoelectric heating.Jν also affects the level populations in the statistical equilibrium
calculations, through the escape probability method (see Section 3.5.1).
The radiative transfer is solved at each grid point in the disc by tracing 153 rays
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= Sν − Iν, (3.4)
assuming LTE and coherent isotropic scattering,
Sν =





Here, Iν is the spectral intensity,Jν = 14π
∫
IνdΩ the mean intensity,Sν the source
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absorption, scattering and extinction coefficients respectively. The dust at a given grid






where the additional heating rateΓdust accounts for non-radiative heating and cooling
processes such as thermal accommodation with gas particles. An acceleratedΛ-
iteration scheme is used to achieve converged results forJν (r, z) andTd (r, z).
The ray directions are chosen such that there are more rays pointing towards the
hot inner regions than the cool interstellar side, with one “core ray” reserved for the
solid angle occupied by the central star as seen from a particular grid point.
From every grid pointr0=(x0, y0, z0) along each ray in direction = (nx, ny, nz)
ProDiMo solves the radiative transfer equation (Eq. 3.5) backwardslong the photon





κextν (r0 + s
′n)ds′. (3.7)







κextν (s) Sν(s) e
−τν(s) ds (3.8)
and this is integrated numerically using a suitable step size∆s for a ray starting ats=0
with τν = 0 andIν = 0. For the core ray, the incident intensity from the end of theray
at smax is given the value of the stellar intensityI incν = I
⋆
ν , whereas for all other rays
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the interstellar intensityI incν = I
ISM
ν is used. The stellar intensity is calculated using a
model spectrum from a stellar atmosphere code (e.g. Phoenix), with extra UV flux to
allow for the accretion luminosity.
Having solved all rays from all points for all frequencies, the mean intensitiesJν at
each point are updated. If the maximum relative change inJν is larger than some
threshold value, the source functions are re-calculated and the radiative transfer is
solved again.
The opacities used for the radiative transfer calculationsare defined by the dust




f (a) da , (3.9)
wherea is the particle radius andf (a) ∝ a−apow is the dust size distribution function




πa2 Qext(a, λ) f (a) da , (3.10)
whereQext(a, λ) is the extinction efficiency. Similar formulae apply for the absorption
and scattering opacities,κabsν andκ
sca
ν .
The simple ray-based method used for the solution of the radiative transfer can
lead to convergence issues at large optical depth in the discm dplane. Also the
assumption of isotropic scattering, while reasonable at long wavelengths, is possibly
insufficient in the optical and near-infrared, and a more sophisticated Monte Carlo
method with angle-dependent scattering and better treatment at large optical depth
would be preferable in these cases [Pinte et al., 2006, Harries, 2000, Harries et al.,
2004, Min et al., 2009].
3.4 Chemistry
The chemistry model in ProDiMo considers 992 reactions involving 10 elements and
Nsp = 76 gas phase and solid ice species. It includes a detailed treatment of UV-
photorates [see Kamp et al., 2010], H2 formation on grain surfaces, vibrationally
excited H⋆2 chemistry, and ice formation (adsorption, thermal desorpti n, photo-
desorption and cosmic-ray desorption) for a limited numberof ice species.
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whereRjk→iℓ designates (two-body) gas phase reactions between two reactants j and
k, forming two productsi andℓ. Rphi→jk indicates a photo-reaction which depend on the
local strength of the UV radiation field, andRcrj→iℓ a cosmic ray induced reaction.










σ(λ) λuλ dλ (3.12)
where the spectral photon energy densityλuλ is taken from the 2D continuum radiative
transfer calculations and the cross-sectionsσ(λ) from the Leiden database [van
Dishoeck et al., 2008].
The chemical network is solved by assuming kinetic chemicalequilibrium such that
dni
dt = 0 in Eq. 3.11, givingi = 1 ...Nsp non-linear equations for the unknown particle
densitiesn j ( j = 1 ...Nsp). Imposing element conservation removes degeneracies
between individual reactions, and the reaction system becom s well-defined. The non-
linear equation system is solved using a Newton-Raphson method, and the resulting
particle densities are stored and used as initial guesses for the next global iteration, in
order to improve computational speed. In cases where the Newton-Raphson method
fails, the model falls back to the time-dependent case and uses an ODE solver for
107 years. This is much slower but in practice gives the same results as the Newton-
Raphson method.
3.5 Gas Thermal Balance
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whereΓk andΛk are the various heating and cooling rates [erg cm−3 s−1]. Assuming
thermal energy balance,de/dt=0 gives an implicit equation forTg. Since the heating
and cooling rates depend on the particle densitiesnsp as well as onTg, an iterative
process is required wherebyTg is varied and the chemistry re-solved untilTg satisfies
Eq. 3.13.
3.5.1 Non-LTE treatment of atoms, ions and molecules
The disc gas is able to exchange energy with the local radiation field through the
absorption and emission of line photons by gas particles. Inorder to calculate the net
gas heating or cooling rate due to such line transitions, it inecessary to determine the
excitation level of the various gas particles (atoms, ions ad molecules) throughout
the disc. Considering for now anN-level system with bound-bound transitions
only (bound-free transitions will be addressed in Section 3.6), we calculate the level







n jRji , (3.14)
which are solved together with the equation for the conservation of the total particle
density of the considered species
∑
i ni = nsp. The rate coefficients are given by
[Mihalas, 1978]:
Rul = Aul + BulJul +Cul
Rlu = BluJul +Clu , (3.15)
whereu and l label an upper and lower level, respectively.Aul, Bul, Blu, Cul andClu
are the Einstein coefficients for spontaneous emission, stimulated emission, absorption
and the rate coefficients for collisional (de-)excitation, respectively. Additionally we
have the Einstein relationsBul/Aul=c2/(2hν3ul), Blu/Bul=gu/gl and the detailed balance
relationClu/Cul=gu/gl · exp(−∆Eul/kTg), whereνul, gu, gl and∆Eul are the line centre
frequency, the statistical weights of the upper and lower level and the energy difference,





φul(ν, n) Iν(n) dνdΩ (3.16)
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whereφul(ν, n) is the line profile function in direction.
Escape-probability treatment
The spectral intensityIν in Eq. (3.16) is affected by line absorption and emission.
Assuming that the line source function (Eq. 3.18) varies slowly in a local environment
where the line optical depths (Eq. 3.19) build up rapidly, wecan approximate for a
static, plane-parallel medium












where I contνul (µ) is the continuous background intensity which propagates backward
along the ray in directionµ. The directionµ=1 points “outward” (µ = cosθ). The
























where∆vD is the (turbulent+ thermal) velocity Doppler width of the line, assumed to







































pescul (µ) dµ (3.23)
with dimensionless line profile function φ(x) = exp(−x2)/
√
π,
x = (ν − νul)/∆νD and frequency width∆νD = νul∆vD/c. Using Eq. (3.21), it is
26
3.5. Gas Thermal Balance
straightforward to show that the unknown line source function SLul can be eliminated,
and the leading termnuAul cancels out, when considering the net ratenuAul + (nuBul −





. Thus, we can solve the statistical rate















which is known as escape-probability formalism [Avrett andHummer, 1965, Mihalas,
1978].Pescul is the mean probability for line photons emitted from the current position to
escape the local environment andPpumpul the mean probability for continuum photons
to arrive at the current position.Jcontνul is the continuous mean intensity at line centre
frequencyνul, as would be present if no line transfer effects took place. In semi-infinite
slab symmetry, all directionsµ<0 have infinite line optical depth and can be discarded







































































Considering the pumping probability as defined by Eq. (3.21), it is noteworthy that
Ppumpul ≈ P
esc
ul is only valid in an almost isotropic background radiation field. In disc
symmetry, much of the pumping is due to direct star light, which has a very pointed
character. In the optically thick midplane, the continuousradiation field is almost
isotropic, but here the pumping is pointless, because the radiation is thermalised and
the collisional processes dominate. Considering near to far IR wavelengths at a certain
height above the midplane, the irradiation from underneathplays a role, but these
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directions are just the opposite of what is considered in Eq.(3.26), and so usingPpumpul ≈
























































The continuum background mean intensitiesJcontνul have an important impact on the
gas energy balance. For example, in strong continuum radiation fields, the reverse
process to line cooling, namely line absorption followed bycollisional de-excitation,
dominates.Jcontνul is identified to be just given by the mean intensities calculated from
the dust continuum radiative transfer (see Section 3.3). Inorder to obtain the required
monochromatic mean continuum intensities at the line centre positions, we apply a
cubic spline interpolation to the calculated local continuum Jcontν (r, z) in frequency
space.
Solving the statistical equations
Equations (3.14, 3.19, 3.24) form a system of coupled equations for the unknown
population numbersni. Since the line optical depths (Eq. 3.19) depend partly on the
localni, these equations must be solved iteratively. We apply a fully implicit integration
scheme for the numerical solution of (Eq. 3.19) where the linoptical depth increment
along the last downward integration step, between the previous and the current grid
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whereN〈H〉(zi) is the vertical hydrogen column density at grid pointzi, andnu, nl and
n〈H〉 refer to the current grid pointi. A simpleΛ-type iteration scheme is found to
converge within typically 0 to 20 iterations. The outward raial line optical depth
increments∆τradj betweenr j−1 andr j are calculated in a similar fully implicit fashion.
Calculation of the heating/cooling rate
Once the statistical equations (Eqs. 3.14) have been solved, th radiative heating and
cooling rates can be determined. There are two valid approaches. For the net
cooling rate, one can either calculate the net creation rateof photon energy (radiative































Both approaches must yield the same net resultΓrad− Λrad = Γcoll − Λcoll, which
can be used to check the quality of the numerical solution. Inpractice, one pair
of these heating/cooling rates is often huge in comparison to the other pair, e. g.
{Γrad,Λrad} ≫ {Γcol,Λcol} in a thin gas with radiatively controlled populations, and
{Γrad,Λrad} ≪ {Γcol,Λcol} in a dense gas with close to LTE populations. Thus, it is









Γcol , Γrad > Γcol










Λcol , Γrad > Γcol
Λrad , Γrad ≤ Γcol
(3.36)
There are a number of further specific heating and cooling processes not covered
by the escape probability treatment of line transfer. Photoelectric heating, cosmic
ray ionisation, carbon photo-ionisation and H2 photo-dissociation are still radiative
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heating processes, while other heating mechanisms are of chemi al nature, such as
H2 formation heating, or of dynamical nature, such as viscous heating. One heating
mechanism of note is PAH heating. Very small dust grains suchas polycyclic aromatic
hydrocarbons (PAHs) are an extremely efficient heating source for the gas, ejecting
super-thermal electrons via the photoelectric effect which then thermalise through
collisions with the gas. The heating and cooling balance also takes into account the
process of thermal accommodation, which refers to the exchange of energy between
gas and dust particles through inelastic collisions.
After the chemistry (see Section 3.4) and the thermal gas energy balance (see
Section 3.5) have been solved throughout the disc volume, all particle densitiesni
and the kinetic temperature of the gasTg are known, and ProDiMo can update the
isothermal sound speeds on the numerical gridc2T(r j , zk) as preparation for the next
iteration of the hydrostatic disc structure (see Section 3.2).












c2T = p/ρ (3.39)
3.6 Atomic Hydrogen bound-free transitions
At present ProDiMo includes the non-LTE treatment of bound-bound line transitions
for 47 chemical species. I have modified the code to include atomic hydrogen as an
N-level system plus continuum. These modifications have yetto be implemented for
the modelling described in Chapters 4–6, but I examine the effects of introducing these
bound-free hydrogen transitions in Chapter 7. Previously the only contribution from
Hi to the gas heating/cooling was through a simple parameterisation of the Lyman-α
cooling rate.
The atomic data [Cunto et al., 1993] include 140 bound-boundradiative transitions
between 36 atomic levels, up to and including principal quant m numbern = 8.
The bound-bound electron collision rates are taken from Vernazza et al. [1981].
In addition to these bound-bound transitions, I have implemented the bound-free
processes of photoionisation, radiative recombination, cllisional ionisation and three
body (dielectric) recombination.
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3.6.1 Rate coefficients
In addition to the rate coefficients for bound-bound coefficients (Eq. 3.24), it is
necessary to consider the ionisation and recombination rates for the various excitation






















































where Jν is the angle-averaged intensity andσi(ν) the ionisation cross-section at
frequencyν (taken from Cunto et al. [1993]).βi is the rate coefficient for collisional
ionisation. At present only collisions with electrons are considered, and the collisional
ionisation rates are taken from Vernazza et al. [1981].χi is the energy difference
between excitation leveli and the continuum, andνithr = χi/h the corresponding
threshold frequency.Si is the Saha function,gi the statistical weight of leveli, and
ZII the partition function for the ionised states, taken equal to unity in this case.
3.6.2 Hydrogen shielding
The background radiation field for the non-LTE calculation cmes from the solution
to the dust continuum radiative transfer. In the absence of afull gas+dust continuum
calculation in ProDiMo, I have implemented the following treatment to attempt to
take into account continuum absorption by neutral hydrogen. The intensitiesJν in











whereNHI is the neutral hydrogen column density (taken from the chemistry solution),
nHI andnHII are the local neutral and ionised hydrogen number density respectively,
andpbfi is the local population of leveli relative tontot=nHI+nHII . This is repeated in
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the radial and vertical directions, and the total shieldingfactor is a scaled combination
of the two. The scaling is determined by the relative dust attenuation of the UV field
strength in the radial and vertical directions. Equation 3.44 makes the assumption that
the local neutral hydrogen level populations are replicated long the line of sight.
3.6.3 External chemical rates
The bound hydrogen level populations and ionisation fraction are calculated simulta-
neously, relative tontot = nHI+nHII , wherenHI andnHII are the abundances calculated
in the solution of the chemical network. The non-LTE treatment described in this
section will in general yield a different hydrogen ionisation fraction to the chemistry
solution, unless some way is found to take into account the various external chemical
rates involving H and H+, in addition to the bound-bound and bound-free transition
rates.
The only bound-free reaction included in the ProDiMo chemical network is the
direct recombination of hydrogen, taken from the Umist database [Le Teuff et al.,
2000]:
H+ + e− → H + hν (3.45)






Ri − Rrec=0, (3.46)
whereRrec is the Umist recombination rate and theRi are all other chemical rates
affecting the H+ abundance. It follows that
∑
i Ri = Rrec, and so the various chemical
rates can be accounted for in the non-LTE solution by de-populating the bound states
of hydrogen at a rate equal toRrec, and populating the ionised state accordingly.
3.6.4 Heating and cooling rates
In addition to the radiative and collisional bound-bound heating/cooling rates described
in Section 3.5.1, the atomic hydrogen treatment takes into acc unt cooling by radiative
recombination and collisional ionisation, and heating by photoionisation and dielectric
recombination. The problem is slightly more complicated than the purely bound-bound
case, since the radiative processes affect both the thermal and photon energy, with an
energy deficit/surplus equal to the binding energy of the corresponding atomic level.
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The rate of destruction of photon energy due to photoionisation, and the corre-


















The rate of creation of photon energy and rate of destructionof thermal energy due to








































We also need to take into account the cooling and heating rates du to collisional













The total heating and cooling rates are then given by





Λbfrad = Λrad+ Q
phot,rad
cool (3.54)











whereΓrad,Λrad, Γcol andΛcol are the bound-bound radiative and collisional heating and
cooling rates as defined in Eqns. 3.31–3.34, andQchemheat is the chemical heating rate from
pumping the ionised state at a rate equal to the Umist recombination rate, as described
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in Section 3.6.3.
As in the purely bound-bound case (see Section 3.5.1), the smaller pair of
heating/cooling rates is selected, either{Γrad,Λrad} or {Γcol,Λcol}. The level populations
are then solved iteratively, including the (Nlev+1) ionised state, until there is no change
in the net heating/cooling rate between iterations.
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Chapter 4
Line Diagnostics in Herbig Ae Discs
4.1 Introduction
The work described in this chapter aims to assess the diagnostic p wer of various gas
emission lines, and in particular their ability to trace thedisc gas mass. This material is
taken from work published in theAstronomy&Astrophysicspaper “Radiation thermo-
chemical models of protoplanetary disks, II. Line diagnostics” by Kamp, Tilling,
Woitke, Thi, and Hogerheijde [2010]. My contribution to this work was to run all of the
described models (Sections 4.2 & 4.3), and to carry out the ray-tracing and subsequent
analysis for the CO lines (Sections 4.4.2 & 4.5.2). The ray-tcing and analysis of the
far-infrared Oi and Cii fine structure lines (Sections 4.4.1 & 4.5.1), and the comparison
with observations (Section 4.5.3), were carried out by IngaKamp, and so I give less
emphasis to these results, although all the key points from Ka p et al. [2010] are
included for purposes of context.
Observations of gas in protoplanetary discs are intrinsically difficult to interpret
as they reflect the interplay between a complex chemical and thermal disc structure,
statistical equilibrium and optical depth eff cts. This is particularly true if non-
thermal excitation such as fluorescence or photodissociatin dominate the statistical
equilibrium.
The first studies of gas in protoplanetary discs concentrated on the rotational
transitions of abundant molecules such as CO, HCN and HCO+ [e.g. Beckwith et al.,
1986, Koerner et al., 1993, Dutrey et al., 1997, van Zadelhoff et al., 2001, Thi et al.,
2004]. Those lines originate in the outer regions of discs,r > 100 AU, where densities
are at mostn ∼ 107 cm−3. The interpretation of those lines was mainly based on tools
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and expertise developed for molecular clouds. Using the CO J=3-2 line, Dent et al.
[2005] inferred for a sample of Herbig Ae and Vega-type starsa trend of disc outer
radius with age; on average, the outer disc radius in the 7-20Myr range is three times
smaller than that in the< 7 Myr range. Also, the disc radii inferred from the dust
spectral energy distribution (SED) are generally smaller than those derived from the
gas line [Isella et al., 2007, Piétu et al., 2005]. Hughes etal. [2008a] suggest a soft
outer edge as a solution to the discrepancy. Comparison of COJ=3-2 maps of four
discs to different types of disc models strongly supports a soft edge in favor of a sharp
cutoff. Piétu et al. [2007] use the CO and HCO+ lines to probe the radial and vertical
temperature profile of the disc. Simple power law disc modelsand LTE radiative
transfer provides best matching results for radial temperature gradients aroundr−0.5.
The 12CO J=2-1 line, 13CO J=2-1 and13CO J=1-0 lines used in their analysis probe
subsequently deeper layers and reveal a vertical temperatur gradient ranging from
50 K in the higher layers to below the freeze-out temperatureof CO in the midplane.
This confirms earlier findings by Dartois et al. [2003].
However, disc masses derived from the CO lines are in generallower than disc
masses derived from dust observations [e.g. Zuckerman et al., 1995, Thi et al.,
2001]. Possible explanations include CO ice formation in the cold midplane and
photodissociation in the upper tenuous disc layers. Any single gas tracer alone can
only provide gas masses of the species and volume from which it orig nates, the same
way as dust masses derived from a single photometric measurement are only sensitive
to grains of a particular size range, namely those grain sizes that dominate the emission
at that photometric wavelength. Hence individual gas tracers are more valuable for
probing the physical conditions of the volume where they arise than the total disc
mass. A combination of suitable gas tracers can then allow usto characterize the gas
properties in protoplanetary discs and study it during the planet formation process.
This work aims to explore the diagnostic power of the fine structure lines of [Oi]
and [Cii], in addition to the low rotational transitions of CO. It wascarried out prior
to obtaining Herschel observations of the far-IR lines in Herbig Ae discs, but these
data are fully utilised in later chapters. Earlier modelling of these lines indicated that
they should be detectable down to disc masses of 10−5 M⊙ of gas, so also in the very
gas-poor debris discs [Kamp et al., 2005]. More recent work by Meijerink et al. [2008]
presents fine structure lines from the inner 40 AU disc of an X-ray irradiated T Tauri
disc; the models indicate that the [Oi] emission originates over a wide range of radii
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and depth and is sensitive to the X-ray luminosity. However,most of the Cii and Oi
line emission comes from larger radii where the gas temperature is dominated by UV
heating processes. Jonkheid et al. [2007] find from thermo-chemical models of UV
dominated Herbig Ae discs that the [Oi] lines are generally a factor 10 stronger that
the [Cii] line. An initial exploration of the origin of the fine structure lines was carried
out in Woitke et al. [2009a] and it was found that The [Cii] 157.7µm line probes the
upper flared surface layers of the outer disc while the [Oi] 63.2 µm line originates
from the thermally decoupled surface layers inward of about100 AU, aboveAV ≈ 0.1.
The latter line is very sensitive to the gas temperature and cbe used to distinguish
between hot (Tgas ≈ 1000 K) and cold (Tgas = Tdust) disc atmospheres. Since the
fine structure lines generally originate from a wider radialand vertical range than for
example the CO rotational lines, they are potentially more suitable gas mass tracers.
This chapter uses ProDiMo to study the gas line emission from discs around Herbig
Ae stars. The disc parameters were chosen to resemble the disc around MWC480.
According to previous work by Mannings et al. [1997], Thi et al. [2001] and Piétu
et al. [2007], the disc around this star extends from≈ 0.5 AU to 700 AU. We choose
here a surface density profileΣ ∼ r−1.0. The central star is an A2e Herbig Ae star with
a mass of 2.2 M⊙ and an effective temperature of 8500 K.
4.2 Methods
I compute a series of Herbig Ae disc models with masses between 2.2 × 10−2 and
10−6 M⊙. The parameters are summarized in Table 4.1. The dust used inthis model
is typically larger than ISM dust and generates the∼ λ−1 opacity law as derived from
dust observations [e.g. Beckwith and Sargent, 1991, Mannings and Emerson, 1994,
Rodmann et al., 2006].
A Phoenix stellar model Brott and Hauschildt [2005] with an effective temperature
of 8500 K is used to represent the stellar irradiation, and a highly diluted 20000 K black
body for the interstellar radiation field, that penetrates the disc from all sides. The dust
opacities are computed using Mie theory and optical constants from Draine and Lee
[1984]. The chemical network contains 71 species (built from 9 elements) connected
through 950 reactions (photo reactions, CR ionization, neutral-neutral, ion-molecule,




There are a number of features not yet present in ProDiMo which are utilised in
later chapters. The atomic hydrogen heating and cooling processes outlined in Section
3.6 aren’t yet implemented. Also ProDiMo is not yet able to perform the ray tracing
calculations to determine the line emission, and the seperate Monte Carlo radiative
transfer code Ratran is used in this instance. All of the models described in this capter
have dust grains which are homogeneously mixed with the gas,i.e. no dust settling is
implemented. The code does not yet include X-ray heating, although this seems a
minor issue for Herbig stars that generally have quite moderate X-ray luminosities,
LX ≪ 1030 erg s−1.
The disc models described here are fully converged models, for which the
hydrostatic pressure balance has been solved iteratively with the radiative transfer,
chemistry and heating/cooling balance. This is in contrast to later models, for which
prescribed disc structures are adopted for reasons of efficiency.
4.2.1 Line radiative transfer
The line emission from the disc models is computed using the two-dimensional
Monte Carlo radiative transfer code Ratran developed by Hogerheijde and van der
Tak [2000]. The code uses a two-step approach to solve the non-LTE line radiative
transfer, Amc, and Sky. The first code solves the level population numbers for a given
model atom/molecule within an arbitrary two-dimensional density and temperature
distribution. The second one performs the ray tracing to derive the emission for a
given line, distance and disc inclination.
Ratran requires a grid of rectangular cells in cylindrical coordinatesr ∈{r i, r i+1} and
z ∈ {zj, zj+1} which is different from the grid of points used in ProDiMo. It is therefore
necessary to create a suitable grid of cells for Ratran and “fill” the cells in a physically
sensible way, which will involve some kind of averaging for the physical quantities.
The details of this re-gridding process can be found in Kamp et al. [2010]. In addition,
the Ratran code was modified to obtain the following line transfer results, in order to
improve its performance in the context of the complex chemical environments found
in discs. These modifications are also detailed in Kamp et al.[2010].
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Table 4.1: Parameters of the Herbig Ae model series.
Quantity Symbol Value
stellar mass M⋆ 2.2 M⊙
effective temperature Teff 8500 K
stellar luminosity L⋆ 32L⊙
disc mass Mdisc 2.2× 10−2, 10−2,
10−3, 10−4, 10−5,
10−6 M⊙
inner disc radius Rin 0.5 AU(1)
outer disc radius Rout 700 AU
radial column density power index ǫ 1.0
dust-to-gas mass ratio ρd/ρ 0.01
minimum dust particle radius amin 0.05µm
maximum dust particle radius amax 200µm
dust size distribution power index apow 3.5
dust material mass density ρgr 2.5 g cm−3 (2)
strength of incident ISM UV χISM 1(3)
cosmic ray ionization rate of H2 ζCR 5× 10−17 s−1
abundance of PAHs relative to ISM fPAH 0.1
α viscosity parameter α 0.0
(1): soft inner edge applied, see Sect. 3.1 of Woitke et al.
[2009a]
(2): the dust optical properties are taken from Draine and Lee
[1984]
(3): hereχISM = 1 corresponds to a “unit Draine field”, as




We assume for our generic disc a distance of 131 pc and and inclination of 45 degrees.
The pixel size (spatial resolution) is 0.05“ and the entire box has a size of 13× 13” to
ensure that no emission is lost (disc diameter is 10”). The velocity resolution is set to
0.05 km/s and the total range is from -25 to 25 km/s for the Cii line and -40 to 40 km/s
for the Oi lines. The different velocity ranges reflect the differences in radial origin of
the lines. For the oxygen fine structure lines, oversamplingof the central pixels (out to
1.6”) was used, i.e. an additional 2 rays generated per pixel.
The CO lines were computed within the same box of 13× 13”, but with a spatial
resolution of 0.12” and a spectral resolution of 0.2 km/s. No oversampling was used in
this case.
Atomic and molecular data
Energy levels, statistical weights, Einstein A coefficients and collision cross sections
are taken from the Leiden Lambda database [Schöier et al., 2005a]. Table 4.2 provides
an overview of the C II, O I and CO data used in this work.
Table 4.2: Atomic and molecular data taken from the Lambda database [Schöier et al.,
2005a].
Species # Lev. # Lines Collision Reference
partner
C+ 2 1 H Launay and Roueff [1977]
e− Wilson and Bell [2002]
o-H2 Flower and Launay [1977]
p-H2 Flower and Launay [1977]
O 3 3 H Launay and Roueff [1977]
e− Bell et al. [1998]
o-H2 Jaquet et al. [1992]
p-H2 Jaquet et al. [1992]
H+ Chambaud (1980)(1)
CO 26 25 H Chu and Dalgarno [1975]
H2 Schinke et al. [1985]
(1): private communication
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Table 4.3: Atomic and molecular data for the oxygen and carbon fine structure lines
and the CO rotational lines.
Line identification Eu El Aul ncrit
[µm] [K] [K] [s −1] [cm−3]
O i 63.2 3P1 – 3P2 227.7 0.0 8.865(-5) 5(5)
O i 44.1 3P0 – 3P2 326.6 0.0 1.275(-10) 0.5
O i 145.5 3P0 – 3P1 326.6 227.7 1.772(-5) 6(4)




91.2 0.0 2.300(-6) 3(3)
Line identification Eu El Aul ncrit
[GHz] [K] [K] [s −1] [cm−3]
CO 115. 3 J= 1 – 0 5.53 0.0 7.203(-8) (1) 5.0(3)T−0.66g
CO 230.5 J= 2 – 1 16.60 5.53 6.910(-7) (1) 1.9(4)T−0.45g
CO 345.8 J= 3 – 2 33.19 16.60 2.497(-6) (1) 4.6(4)T−0.35g
(1): CO critical densities from Kamp and van Zadelhoff [2001]
The notation 5(5) stands for 5× 105.
Oxygen levels 2, 1, 0 correspond to3P2, 3P1, and 3P0,
respectively.
Dust opacities
The dust opacities used in the radiative transfer code are consistent with the opacities
used in the computation of the disc model with ProDiMo. The choice of opacities
impacts the continuum around the line, i.e. the dust thermalemission. For oxygen,
the low fine structure levels can be pumped by the thermal dustbackground. We see
differences of up to 50 % in the continuum fluxes around the Oi fine structure lines
and up to 20 % differences in the line emission itself when we choose either thegrain
size distribution from Table 4.1 using optical constants from Draine and Lee [1984] or
opacity tables from Ossenkopf and Henning [1994]. The latter r based on an MRN
size distribution for interstellar medium grainsf (a) ∼ a−3.5 with sizes 5 nm< a <
0.25µm. In this paper, the possibility of icy grain mantles or non-spherical shapes is
not explored.
4.3 The disc models
I compute a series of six disc models with different disc masses (2.2×10−2, 10−2, 10−3,
10−4, 10−5 and 10−6 M⊙) and all other parameters remaining fixed. It is important to
stress that this series of models is not intended to reflect anevolutionary sequence as
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the dust properties are not changed accordingly (e.g. dust grain sizes, dust-to-gas mass
ratio, settling). The goal is to explore a range of physical conditions, study their impact
on the disc chemistry and analyze how this impacts the cooling radiation that will be
probed e.g. with the Herschel satellite.
4.3.1 Physical structure
Fig. 4.1 provides an overview of the computed physical quantities such as gas density,
UV radiation field strength, optical extinction, gas temperatu e and dust temperature
resulting from our series of Herbig disc models; each row presents a model with
different mass and shows three quantities, total hydrogen number density, UV radiation
field strength, and gas temperature. The white dashed lines in the second column of
this figure indicate theAV = 1 andAV = 10 surfaces. The 2. × 10−2 M⊙ model is
optically thick in the vertical direction out to∼ 400 AU. Reducing the disc mass by
a factor 200 leaves only a dense∼ 10 AU wide optically thick ring and the low mass
disc models (≤ 10−4 M⊙) have very low vertical extinction,AV . 0.1, throughout the
entire disc.
The high mass models show two vertically puffed up regions, one around 0.5 AU
(the classical ”inner rim”), the other one more radially extended between 5 and 10 AU.
The very low mass models (10−5 M⊙ and below) do not show the typical flaring disc
structure as observed in optically thick disc models, but they are still very extended
in the vertical direction. The extreme gas temperatures in these low mass models are
a result of direct heating by the photoelectric effect on small dust grains (PAHs) and
pumping of Feii by the stellar radiation field. In these optically thin discs, oupling
between gas and dust grains is not efficient.
4.3.2 Chemical structure
The particle densities of ionized carbon, oxygen and the abundance of CO are shown
in Fig. 4.2. The oxygen abundance is rather constant throughout t e discs (C/O ratio
∼ 0.45), being only lower by a factor of two where the CO and OH abundances are
high; OH forms at high abundance inside 30 AU above an AV of a few, thus co-spatial
with the warm (> 200 K) CO gas. Extremely low abundances occur only if significant
amounts of water form close to the midplane inside 1-10 AU (2.2 × 10−2 – 10−3 M⊙
models).
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Figure 4.1: From top to bottom row: disc models with 10−2, 10−3, 10−4 and 10−5 M⊙.
The first column shows the total hydrogen number density logn〈H〉 with white contours
indicating gas temperatures of 100, 300, and 1000 K. The second lumn shows the
UV radiation field strengthχ (91.2 − 205.0 nm) from full 2D radiative transfer. The
third column shows the gas temperature logTg with white contours indicating dust
temperatures of 20, 40, 100, 300 and 1000 K.
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Figure 4.2: From top to bottom row: disc models with 10−2, 10−3, 10−4 and 10−5 M⊙.
The first column shows the C+ density with white contours indicating the critical
density for the [Cii] line and densities of 106 and 108 cm−3 and a red contour line where
the PDR parameterχ/n〈H〉 = 0.01. The second column shows the O density with white
contours indicating the critical densities for the two oxygen lines,n〈H〉 = 6 × 104 and
5× 105 cm−3, and a density of 108 cm−3. Extinctions ofAV = 0.1 and 1 are denoted by
the red contour lines. The third column shows the CO abundance with white contours
indicating gas temperatures of 50, 100, and 200 K and the bluecontours indicating
dust temperatures of 50, 100, and 200 K).
44
4.3. The disc models
Carbon is fully ionized in the disc models with masses below 10−4 M⊙. The C+
abundance is complementary to the CO abundance as the neutral carbon layer between
them is very thin. The C+/C/CO transition is governed by photon dominated region
(PDR) physics and can be well defined using the classical PDR parameterχ/n〈H〉.
Aboveχ/n〈H〉 = 0.01 (see Fig. 4.2), carbon is fully ionized and its density structure
resembles that of the total gas density (two puffed up inner rims). The column density
of the ionized carbon layer is always smaller than a few times1017 cm−3. The mass of
C+ in the irradiated layers of the disc is roughly constant until the optically thin disc
limit is reached in which case it is given byMgasǫ(carbon)(mC/µmH) (see Table 4.4).
High abundances of CO can be found down to disc masses of 10−4 M⊙. Below
that, the entire disc becomes optically thin (radially and vertically), thus reducing the
CO abundances even in the midplane to values below 10−6. In the models with masses
above 10−3 M⊙, densities in the innermost region are high enough to form a large
water reservoir [Woitke et al., 2009b]. At densities in excess of∼ 1011 cm−3, the
water formation consumes all oxygen, thus limiting the amount of CO that can form
in the gas phase. In the upper disc layers, the CO abundance isvery low due to the
combined impact of UV irradiation from the inside (central star) and outside (diffuse
interstellar radiation field). Fig. 4.2 also shows that the temperature of CO in the outer
disc decouples from the dust temperature (white contours: ga , blue contours: dust),
even though differences are generally within a factor two (Tgas>Tdust). This is relevant
for the CO low rotational lines that are predominantly formed in those regions (see
Sect. 4.4.2).
4.3.3 Self-similarity
The six disc models show a large degree of self-similarity intheir temperature and
chemical structure. Lowering the disc mass removes mainly the thick midplane and
the innermost dense regions. In that sense, this series of decreasing mass zooms in into
disc layers further away from the star and at larger heights.The reason for this self-
similarity lies partly in the two-direction escape probability used to compute the gas
temperature and partly in the chemistry being independent of eighboring grid points
(no diffusion or mixing). The solution in the disc is mostly described by the local
χ/n〈H〉.
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Table 4.4: Characteristics of selected species in the Herbig disc models.〈Tg〉 and〈Td〉
are the mass averaged gas and dust temperature(1).
Mdisc [M⊙] Species Mass [M⊙] 〈Tg〉 [K] 〈Td〉 [K
O 4.2(-5) 61 34
2.2 10−2 C+ 1.3(-7) 96 46
CO 6.0(-5) 62 35
O 2.1(-5) 61 35
10−2 C+ 1.1(-7) 99 46
CO 2.7(-5) 61 35
O 2.5(-6) 64 34
10−3 C+ 9.7(-8) 79 34
CO 1.8(-6) 79 42
O 3.2(-7) 77 39
10−4 C+ 4.9(-8) 75 37
CO 9.2(-8) 103 51
O 7.0(-8) 92 50
10−5 C+ 2.0(-8) 91 48
CO 3.6(-12) 576 126
O 5.1(-8) 53 43
10−6 C+ 1.7(-8) 53 43








, species densitynsp and volume
elementdV.
4.3.4 Strength of UV field
To assess the impact of the UV field on the disc structure and line ratios, I compute
two additional disc models with 10−2 M⊙ disc masses, using eff ctive temperatures of
9500 and 10500 K. This range reflects the typical temperatures encountered for Herbig
Ae stars. To isolate the eff ct of UV irradiation, the luminosity is kept constant, so
that a change in effective temperature changes only the fraction of UV versus optical
irradiation.
Increasing the stellar effective temperature to 10500 K leads to a vertically more
extended disc structure, thus pushing the H/H2 transition slightly outwards. Though
the dust temperatures are unaffected (they depend rather on total luminosity), the mass
averaged gas temperatures increase by up to a factor two for certain species such as CO
and O. The change for C+ being in the uppermost tenuous surface is more dramatic;
its mass averaged temperatures increase from∼ 100 K (Teff = 8460 K, Table 4.4) to
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330 K (Teff = 10500 K).
4.3.5 Dust opacities
In a similar way, I have varied the dust opacity in the 10−2 M⊙ disc mass model, using
first very small grainsamin = 0.05 toamax = 1 micron and then only large grainsamin =
1 to amax = 200 micron. They represent the two extremes of grain size distribution
ranging from pristine ISM grains to conditions appropriatefor more evolved dust in
very old discs.
Dust opacities impact disc physics in two ways. First, increasing the average
grain size decreases the opacity and thus the optical depth in e models. The
dust temperature decreases mostly, except for the midplaneregions inside 100 AU.
However, the second — more important — effect is a decrease of eff ctive grain surface
area, thus decreasing the efficiency of gas-dust collisional coupling. As a consequence,
the gas temperature decouples from the large grains even in the disc midplane, leading
to higher gas temperatures everywhere and thus a verticallymore extended disc. Given
the fact that gas dust coupling is no longer efficient, the initial assumption that gas and
dust are homogeneously mixed would have to be revisited. If most heating is provided
by PAHs, this is not an issue as those will stay well mixed withthe gas.
4.4 Line emission
In the following, we performed radiative transfer calculations on the grid of Herbig
Ae disc models to understand the spatial and physical originof the two Gasps tracers
[C ii], [O i], and the frequently observed sub-mm lines of CO. Besides a we lth of
published CO observations of protoplanetary discs to compare to and test the physics
and chemical networks of our models, the low rotational CO lines are part of ancillary
projects to complement the Herschel Gasps project with tracers of the outer cold gas
component in discs.
4.4.1 Far-infrared fine structure lines
[C II ] 158µm line
The fine structure line of ionized carbon arises in the outer surface layer of the disc.
For values ofχ/n〈H〉 smaller than 0.01, carbon turns atomic/molecular (see Fig. 4.2, left
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Table 4.5: Results for the fine structure emission lines fromvarious disc models. In the
model column, MC, LTE and ES denote the use of level populations from Monte Carlo
line radiative transfer, LTE and escape probability, respectiv ly. Line and continuum
fluxes are shown for a distance of 131 pc and an inclination of 45 degrees. Numbers in
parentheses indicate powers of ten, i.e. 1.93(3) denotes 1.93× 103.
O i 63µm O i 145µm C ii 157.7µm
Mdisc Model Fline Fcont Fline Fcont Fline Fcont
[M⊙] [10−18 W/m2] [Jy] [10−18 W/m2] [Jy] [10−18 W/m2] [Jy]
2.2 10−2 MC 1.93(3) 1.44(2) 2.13(2) 1.25(2) 5.39(1) 1.14(2)
10−2 MC 1.29(3) 1.03(2) 1.18(2) 6.57(1) 4.69(1) 5.91(1)
10−3 MC 6.57(2) 2.58(1) 3.89(1) 8.84 2.98(1) 7.69
10−4 MC 2.65(2) 4.56 8.06 9.09(-1) 1.40(1) 1.01
10−5 MC 4.19(1) 9.89(-1) 1.11 1.72(-1) 4.53 2.71(-1)
10−6 MC 1.99 1.50(-1) 5(-2) 3(-2) 2.77 1.43(-1)
10−2 LTE 2.25(3) 1.05(2) 1.30(2) 6.63(1) 5.22(1) 5.96(1)
10−2 ES 1.27(3) 1.05(2) 1.23(2) 6.63(1) 4.93(1) 5.96(1)
10−2 Teff = 9500 K 5.53(3) 1.68(2) 4.56(2) 8.60(1) 1.50(2) 7.63(1)
10−2 Teff = 10500 K 9.03(3) 1.78(2) 6.75(2) 8.85(1) 3.17(2) 7.84(1)
10−2 amin,max = 0.01, 1 µm 6.48(2) 1.42(2) 3.24(1) 3.53(1) 6.30(1) 2.85(1)
10−2 amin,max = 1, 200µm 3.22(3) 1.44(2) 3.17(2) 7.21(1) 2.39(1) 6.42(1)
column). This limits the C+ column density and hence the [Cii] 158µm line emission.
Except in the very inner disc,r < 1 AU, the line never becomes optically thick. The
line can be easily excited (Eu = 91.2 K) even in the disc surface at the outer edge;
hence the total [Cii] emission from the disc is dominated by the 100-700 AU range
and probes the gas temperature in those regions (Tgas, Tdust). At these distances, the
column density of C+ decreases with disc mass leading to a potential correlationof the
[C ii] 158 µm line emission with total disc gas mass. However, it can alsobe shown
that the total line emission depends sensitively on the outer disc radius (see Kamp
et al. [2010]). The total [Cii] line emission is thus degenerate for disc mass and outer
radius. Due to the low critical density of this line, the emission forms largely under
LTE conditions.
[O I] 63 and 145µm lines
The [O I] emission is dominated by the 30-100 AU range, with gas temperatures of a
few hundred K. For these regions, the 145µm line becomes optically thin in the 10−3
and 10−4 M⊙ disc models. LTE level population numbers systematically overestimate
line fluxes by up to 70%. In the regions where most of the Oi emission arises, the
upper levels are significantly less populated than in LTE while the ground state is
overpopulated with respect to LTE. The level population numbers computed with the
simple escape probability assumption in ProDiMo yield only slightly higher line fluxes
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Figure 4.3: The top row shows integrated line fluxes as a functio of disc mass, for
(from left to right) the CO J=1-0, J=2-1 and J=3-2 rotational lines. The second row
shows the continuum fluxes at the corresponding line center wavelengths as a function
of disc mass. The third row shows the CO line ratios as a functio of disc mass:(from
left to right) J=2-1/1-0, J=3-2/1-0, J=3-2/2-1. Dashed lines indicate computed line
ratios for optically thick lines in LTE.
than full Monte Carlo radiative transfer calculations, within 10 % for the Oi lines and
∼ 5 % higher continuum fluxes. Since continuum differences should largely be due to
the re-gridding, the estimated error stemming from the interpolation onto a different
grid is of the order of 5 %.
4.4.2 CO sub-mm lines
Line fluxes have been calculated for the first three moleculartransitions in CO, across
the full mass range of disc models. The line fluxes and continuum fluxes are plotted as
a function of disc mass in Fig. 4.3, and the J=3-2 line profiles from the 2. × 10−2 M⊙,
10−3 M⊙ and 10−4 M⊙ models are plotted in Fig. 4.4.
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Figure 4.4: Top panel: CO J=3-2 line emission flux from the 2. × 10−2 M⊙ model at
a distance of 131 pc and an inclination of 45 degrees. The inserted image shows the
continuum subtracted integrated logarithmic line intensity as a function of sky position.
The angular size of 12” corresponds to 1570 AU at the distanceof 131 pc. Middle
panel: CO J=3-2 emission from the 10−3 M⊙model. Bottom panel: CO J=3-2 emission
from the 10−4 M⊙ model.
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The J=1-0, J=2-1 and J=3-2 lines all show similar behaviour with disc mass, with
the line fluxes initially increasing sharply with mass beforlevelling off for Mdisc >
10−4 M⊙. This similarity results in largely uniform line ratios, with a spike at 10−5 M⊙.
The continuum varies almost linearly with disc (and hence dust) mass, although with
slightly more emission from the lower mass models than a strict linear relationship
would give. This is due to the optically thin low mass discs having more penetrating
UV dust heating in the midplane than the higher mass optically thick discs.
The calulated line fluxes all exhibit a jump of four orders of magnitude on moving
from the 10−5 to the 10−4 M⊙ model. This discontinuity is also seen in the line ratios,
with all three exhibiting a significantly higher ratio for the 10−5 M⊙ model than for the
others. The sudden drop in emission below 10−4M⊙ corresponds to a fall-off in AV.
There is suddenly almost no region in the disc withAV > 0.1, resulting in a maximum
CO abundance of less than 10−6 compared with∼ 10−4 for the higher mass models.
The small remaining region withAV > 0.1 is quite hot, with gas temperatures around
500 K, giving a spike in the line ratios at 10−5 M⊙.
Line formation regions
The three CO lines form at an intermediate height in the disc,between the warm upper
layer and the cold midplane [see also van Zadelhoff et al., 2001] and are generally
optically thick for disc masses down to 10−4 M⊙. The submm line formation region
is radially very extended, with significant contributions to the total line flux from the
entire disc. The results of an experiment varying the outer radius of the disc region
sampled in the re-gridding procedure are plotted in Fig. 4.5. The total J=3-2 line flux
is seen to vary linearly withRout indicating that the line originates from the full radial
extent of the disc. The same behaviour is seen in the J=1-0 and J=2-1 lines. The linear
trend is caused by a combination of the radial gas temperaturgradient in the CO
emitting layers and surface area. The continuum shows a slightly different behaviour,
with a greater proportion of the integrated flux from outer radii.
The line profiles for the three transitions are generally versimilar for a given disc
model, and indeed across the computed mass range. Narrow peak sep rations (δv =
1−2 km/s) indicate that the emission is coming from the entire disc in ide∼ 700 AU
and will thus be dominated by the outer regions that contain more surface area.
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Figure 4.5: Integrated CO J=3-2 line flux for the 10−3M⊙ model, plotted against the
outer radius sampled by re-gridding.
Figure 4.6: Relative difference in percent between Monte Carlo CO line fluxes and CO
line fluxes calculated using the escape probabilty assumption (solid line) and between
Monte Carlo CO line fluxes and LTE CO line fluxes (dotted line);r sults are shown as
a function of disc mass.
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LTE versus escape probability versus Monte Carlo
The continuum results obtained without re-gridding (ES) are in good agreement with
those from the Monte Carlo radiative transfer, within 3% in all c ses. This indicates
that re-gridding does not present an issue when consideringsub-mm fluxes. The escape
probability line fluxes deviate slightly from the Monte Carlo and LTE fluxes for the low
disc masses, up to∼ 50% lower. This indicates again the limits of the two direction
escape probability approach for the optically thin case of very tenuous discs.
The escape probability fluxes are however in good agreement (within 3%) for
disc models with masses larger than10−4M⊙. The LTE line fluxes are also in good
agreement (within∼ 1%) for the entire mass range (see Fig. 4.6), indicating that
LTE is a valid approximation for these low CO lines. However,Tgas = Tdust is not
a valid approximation for this set of disc models, because the gas temperatures in the
outer regions, where the CO lines arise, deviate by up to a factor two from the dust
temperatures (see Table 4.4 for mass averaged gas and dust temperatures of CO).
CO line ratios
To understand the values of the CO line ratios for high mass discs in Fig. 4.3, we start
with a number of assumptions: 1) The continuum is smallIcont≪ Iν; 2) The CO line
forms under optically thick LTE conditions with a universalline profileφ(ν) such that
Iν =Bν(Tgas) φ(ν) whereBν is the Planck function; 3) The temperatureTgas is constant
throughout the line forming region. The line flux can then be expr ssed as
Fline=
"
(Iν − Icont) dΩ dν ≈ A Bν(Tgas)
∫
φ(ν) dν , (4.1)
whereA is the disc surface area as seen by the observer.
If we assume a square line profile function in velocity space such thatφ(ν) = 1 if
−∆v2 < v < +
∆v




















The corresponding values for the three CO line ratios are overplotted with dashed lines
on Fig. 4.3, and agree indeed well with the limiting behaviour f the line ratios at high
disc masses,Mdisc≥10−3. Thus, we conclude that CO line formation in high mass discs
occurs under optically thick LTE conditions. At lower massethe line ratios deviate
from these values since the assumption of optical thick LTE no lo ger holds.
Changing the effective temperature of the central star or changing the dust
properties affects the CO lines to a lesser extent than the fine structure lines. Changes
to the continuum and the lines are generally within 50%. Eventhough the formation
height of CO might change slightly, the excitation conditions are still close to LTE.
While the CO mass in the models stays within a few percent of the original model
(except in the ISM grain model, where it is 26% smaller) the COmass averaged
temperature changes up to a factor two. The eff ct on the line fluxes correlates directly
with the temperature change, with the higher temperatures giving systematically higher
fluxes. At these radio wavelengths, the change in continuum emission amounts to less
than 25%, even between the models with different dust properties. The most extreme
model is the one with an effective temperature of 10500 K where the mass averaged
CO temperature rises to 110 K and hence the line fluxes increase by∼ 60− 70%.
4.5 Discussion
The goal of this study is a first assessment of the diagnostic power of the fine structure
lines of neutral oxygen, ionized carbon and of the CO sub-mm lines in protoplanetary
discs. This work prepares the ground for a systematic analysis of a much larger and
more complete grid of protoplanetary disc models. Based on the detailed radiative
transfer calculations of the previous section, we discuss here the potential of the
various lines in the context of deriving physical disc properties such as gas mass, gas
temperatures and disc extension.
4.5.1 Far-infrared fine structure lines
From detailed two dimensional modelling of protoplanetarydiscs, Woitke et al.
[2009a] conclude that the [Oi] 63µm line alone provides a useful tool to deduce the
gas temperature in the surface layers of protoplanetary discs, especially the hot inner
disc surface. However, spatially unresolved observationsthat measure only integrated
[O i] 63µm line fluxes in sources at typical distances of 140 pc will notbe able to detect
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the presence of hot gas very close to the star (inside∼ 10 AU). This work shows that
the total line flux is dominated by emission coming from the cooler outer regions.
The [Oi] 63/145 line ratio increases towards lower masses (10 for∼ 10−2 M⊙ to
40 for Mdisc < 10−4 M⊙). In addition this ratio is not sensitive to the disc outer radius
for Rout > 100 AU, which suggests that it could be used as a gas mass tracer. Using
only small sub-micron sized grains (similar to the ISM compositi n) increases the line
ratio by a factor two, thus mimicking a disc mass that is lowerby more than a factor
ten. However, the grain size distributions chosen here present the extreme ends and are
easily distinguished from looking at the SED.
The [Cii] 158 µm line emission is a very sensitive tracer of the outer disc radius.
Due to its low excitation temperature, this line is also strongly affected by confusion
with any type of diffuse and molecular cloud material in the line of sight. The problem
can be addressed with Herschel/PACS by using the surrounding pixels on the detector
(5 × 5 pixels with the disc being spatially unresolved) for a reliab e off-source flux
determination.
The [Oi] 63/[C ii] 158 ratio depends even more on disc mass than the [Oi] 63/145
line ratio. It would thereby be a prime diagnostic for relative disc mass estimates.
However, while the ratio of the two oxygen lines does not change very much with
disc outer radius, the [Oi] 63/[C ii] 158 ratio does depend strongly on it. Because
of this degeneracy with disc size, the diagnostic value of this ratio alone is limited
for individual objects. Its use would require the a-priori knowledge of many other
disc parameters such as the disc outer radius, grain sizes and composition. Rather we
suggest that it could be used in a statistical way on a large sample of discs that share the
same classification group, e.g. based on their IR SEDs. Alterna ively, a combination of
the [Oi] 63/145 and [Oi] 63/[C ii] 158 line ratios could be used to break the degeneracy
with disc size [see also Kamp et al., 2010].
4.5.2 CO sub-mm lines and line ratios
The low excitation CO rotational lines are often used to prove the existence of
primordial gas in protoplanetary disc and in combination with optically thin line of
isotopologues to measure the total gas mass [e.g. Thi et al.,2001, Panić et al., 2008].
Due to the high EinsteinA coefficients and high abundances of12CO in molecular
regions, the low rotational CO lines become optically thickat low AV. Thus, they
originate mainly in the optically thin disc surface [van Zadelhoff et al., 2001], where
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gas and dust temperature decouple according to our models. However, as in the case of
the [Cii] line, CO submm lines can be contaminated by low density coldremnant cloud
material. The amount of contamination can be estimated either from offset positions
for single dish observations or through interferometry.
Isotopologues of CO have much lower abundances of12CO/13CO = 77 in the
ISM [Wilson and Rood, 1994] and even higher values of 100 in discs [selective
photodissociation; see for most recent work Smith et al., 2009, Woods and Willacy,
2009, Visser et al., 2009]. Thus, they can probe deeper into the disc and are — in
the absence of freeze-out — excellent tools for measuring the disc mass. Panić et al.
[2008] use for example the optically thin13CO J=2-1 line from the disc around the
Herbig star HD 169142 to infer a disc mass of (0.6− 3.0)× 10−2 M⊙.
Our analysis shows indeed a relatively flat relationship forthe12CO lines with disc
gas mass, confirming thus that the low rotational CO lines by themselves are not a
good tracer of gas mass (Fig. 4.3). The lines become optically thick even at very low
disc masses and hence a reliable inversion of the line fluxes to infer gas mass proves
impossible. Similarly there are degeneracies in the computed line ratios J=2-1/1-0,
J=3-2/1-0 and J=3-2/2-1 which suggest limitations in the diagnostic power of these
line ratios.
The CO lines can be used to measure independently the outer disc radius
(Sect. 4.4.2) and thus mitigate the problem of employing the[C ii] 158 line for disc
diagnostics. Dent et al. [2005] and Panić and Hogerheijde [2009] demonstrate the
power of single dish CO observations in deriving disc outer radii and inclinations,
thus constraining SED modeling that is rather insensitive to Rout and degenerate
for inclination and inner radius. Hughes et al. [2008b] notethat the outer radius
derived from dust continuum observations is always smallerthan that derived from CO
emission lines. Even though they can explain this within homogeneous gas and dust
models (Rout(gas)= Rout(dust) and a realistic outer edge, i.e. an exponential density
profile), this finding reveals the problems in mixing quantities deduced from dust and
gas observations. Since C+ and CO arise both from the gas in the outer disc, we do not
need to rely on dust observations, but can instead use a gas tracer o measure the gas
outer disc radius.
The [Cii] line probes in general slightly higher layers than the CO lines; hence the
model results suggest that we can trace the vertical gas temperature gradient in discs.
Table 4.4 shows that for the most massive discs,〈TC+〉 is 50% larger than〈TCO〉.
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4.5.3 Comparison with observations for MWC480
Since we used the Herbig star MWC480 to motivate our choice ofparameters, we
briefly discuss the line emission from the models together with observations available
from the literature. The goal is not to obtain a best-fitting model, but to provide an
impression of the model results within the observational context. Table 4.6 gives an
overview of selected observational data for MWC480 (detections and upper limits)
from the literature. The CO mass derived from13CO 3-2 is 1.7× 10−4 M⊙ and the total
gas mass derived from the 1.3 mm continuum flux is (2.2± 1.0)× 10−2 M⊙ [Thi et al.,
2001]. The12CO and13CO lines suggest an outer disc radius of∼ 750 and∼ 500 AU,
respectively [Piétu et al., 2007].
The oxygen fine structure lines are not detected with the ISO satellite [Creech-
Eakman et al., 2002]. Assuming the ISO instrumental resolution as FWHM of a
potential line (0.3µm for λ < 90 µm, 0.6µm for λ > 90 µm), the ISO 3σ upper
limits for the [Oi] lines can be derived from
Fupper limit ≈ 3σ
√
0.5π FWHM W/m2 . (4.4)
This gives values of 4.14× 10−16 and 1.35× 10−16 W/m2 for the 63 and 145µm line,
respectively. The upper limit for the 63µm line is only a factor 1.6 smaller than the flux
predicted from the 10−3 M⊙ disc model. The 145µm upper limit is less sensitive and
hence even consistent with our 10−2 M⊙ disc model. Changing the outer disc radius to
500 AU does not affect the [Oi] lines.
The observed [Cii] line is much stronger than in any of our models, suggesting
indeed significant contamination from diffuse background material in the large ISO
beam (80”).
Our 2.2 × 10−2 M⊙ model overpredicts the CO J=3-2 line flux by approximately
one order of magnitude. By reducing the maximum grain size, th total grain surface
area increases and dust and gas temperatures couple in the region where this CO line
forms; thus yielding〈Tg〉 ∼ 40 K and a factor two lower line fluxes. Another factor
two can each be gained by reducing the total disc mass and the disc outer radius to 500
instead of 700 AU.
The observed continuum flux at 1.3 mm is a factor 4 smaller thancomputed from
the 2.2×10−2 M⊙ disc model. Reducing again either the total disc mass or the maximum
grain size, reduces the modeled continuum fluxes to the rightvalue.
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Table 4.6: Observed fluxes for MWC480
Type λ Flux Reference
O i 63µm 6 1.1 10−15 W/m2/µm (1)
O i 145µm 6 1.8 10−16 W/m2/µm (1)
C ii 158µm 5.9± 0.6 10−16 W/m2 (1)
5.5± 0.4 10−16 W/m2 (2)
CO 345 GHz 2.88 K km/s (3)
4.23 10−19 W/m2 (*)
cont. 1.3 mm 360± 24 mJy (4)
cont. 2.7 mm 39.9± 0.8 mJy (4)
References: (1) Creech-Eakman et al. [2002], (2) Lorenzetti




Tmb dv = 10−2 λcm/(2k) (Ωa)−1
∫
Fν(W/m2/Hz)dν, with
Ωa being the solid angle of the beam, i.e.π(13.7”/2)2 for the
JCMT.
To conclude, by tuning the input parameters, the models can get close to the
observed continuum as well as line fluxes, thus providing additional confidence that
the models capture the essential physics and chemistry of protoplanetary discs. Hence,
besides studying physics and chemistry of protoplanetary discs in a more general
context, these models can also be used in the detailed analysis of individual objects
that possess a larger set of continuum and line observations.
4.6 Conclusions
A limited series of Herbig Ae disc models has been computed inorder to study the
origin and diagnostic value of the gas line tracers [Cii], [O i] and CO. This study does
not include the effects of X-ray irradiation, grain settling or mixing. Even though
X-rays are generally of minor importance for Herbig stars, grain settling and large
scale mixing processes could affect the conclusions. The eff ct of grain settling will be
included in a forthcoming larger model grid (see Chapter 5),but mixing processes need
to be addressed with dynamical time-dependant models. The Monte-Carlo radiative




The main results are:
• The [Cii] line originates in the disc surface layer where gas and dusttempera-
tures are decoupled. The total line strength is dominated byemission from the
disc outer radius. Thus the 157.7µm line probes mainly the disc extension and
outer disc gas temperature. The line forms in LTE.
• The [Oi] lines originates also in the disc surface layer even thoughsomewhat
deeper than the [Cii] line. The main contribution comes from radii between 30
and 100 AU. The [Oi] lines form partially under NLTE conditions. Differences
in line emission from escape probability and Monte Carlo techniques are smaller
than 10%.
• CO submm lines are optically thick down to very low disc masses of< 10−4 M⊙
and form mostly in LTE.Tgas= Tdust is not a valid approximation for these lines.
Differences in line emission from escape probability and Monte Carlo techniques
are smaller than 3%, except in the case of very optically thindisc models (10−5
and 10−6 M⊙).
• The [Oi] 63/145 µm and [Oi] 63/[C ii] 158 µm line ratios trace disc mass in
the regime between 10−2 and 10−6 M⊙. Since the [Cii] 158 µm line is very
sensitive to the outer disc radius, the [Oi] 63/[C ii] 158 µm is degenerate in that
respect and its use requires additional constraints from ancilli ry gas and/or dust
observations. The sensitivity of these two line ratios to the dust grain sizes
underlines the importance of using SED constraints along with the gas modeling
to mitigate the uncertainty of dust properties.
• A combination of the [Oi] 63/145µm and [Oi] 63/[C ii] 158 µm line ratios can
be used to diminish the degeneracy caused by an unknown outerdisc radius.
• Neither total CO submm line fluxes nor line ratios can be used to measure the
disc mass. However, the low rotational lines studied here provide an excellent
tool to measure the disc outer radius and can thus help to mitigate the degeneracy
between gas mass and outer radius found for the [Oi] 63/[C ii] 158µm line ratio.
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Chapter 5
The DENT Model Grid
5.1 Introduction
In this chapter I describe work in which I contributed to the efforts of GASPS,
a large international syndicate. GASPS refers to Gas in Protoplanetary Systems,
the first extensive, systematic survey of gas in circumstellar discs that covers the
transition between initial gas-rich discs through to gas-poor debris discs. It utilises
the Photodetector Array Camera and Spectrometer (PACS), one of three instruments
aboard the Herschel space observatory. GASPS consists of a two-phase PACS
study, surveying the fine structure lines of [Cii]158µm and [Oi]63µm in 240 objects,
followed by observations of [Oi]145µm and the far-infrared CO and H2O rotational
lines in the brightest sources. The dust continuum is also measur d using 70 and
160µm photometry, to define the SED in the same wavelength range asthe line data.
The sample includes discs with masses of a few×10−2 M⊙ down to 10−5 M⊙, ages
1-30 Myr, and stellar spectral types B2 through M4.
In order to interpret the survey data, the program has involved extensive disc
modelling. This includes the computation of a grid of∼ 300000 models spanning
parameter space, in order to seek trends across the various mdels and help team
members interpret the observational data in the context of acomprehensive set of
model predictions. This work takes the approach described in Chapter 4 and expands
it to a large multi-parameter analysis. I have acted as the main developer ofxDENT, a
graphical user interface for analysing and plotting the huge quantity of grid data, and
for fitting the model data to observations. The first DENT gridresults are published in
theMNRASletter “Continuum and line modelling of discs around young stars, I. 300
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Table 5.1: Parameters of the DENT grid and values assumed.Rsubli stands for the dust
sublimation radius (whereTd=1500 K). The choice of inclination angles represents a
randomly oriented sample.
stellar parameters
M⋆ stellar mass [M⊙] 0.5, 1.0, 1.5, 2.0, 2.5
age age [Myr] 1, 3, 10, 100
fUV excess UV,fUV=LUV/L⋆ 0.001, 0.1
disc parameters
Md disc dust mass [M⊙] 10−7, 10−6, 10−5, 10−4, 10−3
ρd/ρg dust/gas mass ratio 0.001, 0.01, 0.1, 1, 10
Rin inner disc radius [Rsubli] 1, 10, 100
Rout outer disc radius [AU] 100, 300, 500
ǫ column densityNH(r)∝ r−ǫ 0.5, 1.0, 1.5
H0 scale height [AU] fixed: 10 r0=100 AU
β disc flaringH(r)=H0 rr0
β 0.8, 1.0, 1.2
dust parameters
amin minimum grain size [µm] 0.05, 1
amax maximum grain size [µm] fixed: 1000
s settlingH(r, a)∝H(r)a−s/2 0, 0.5
inclination angle
i 0◦ (face-on), 41.4◦, 60◦, 75.5◦, 90◦ (edge-on)
000 disc models for Herschel/GASPS” by Woitke, Pinte, Tilling et al. [2010], which
includes figures produced usingxDENT. This is also the case for the two subsequent
DENT grid papers by Kamp, Woitke, Pinte, Tilling et al. [2010] and Pinte et al. [2010].
5.2 Grid Computation
The DENT (Disc Evolution with Neat Theory) grid is a tool to investigate the influence
of stellar, disc and dust properties on continuum and line observations and to study the
extent to which these dependencies can be inverted. The gridis designed to coarsely
sample the parameter space associated with young intermediate to low mass stars, with
discs ranging from gas-rich through to gas-poor debris discs. The 11 variable input
parameters (+ 2 fixed parameters) required to specify the star-disc systemar given in
Table 5.1. The observable quanities recorded for each of thegrid models are listed in
Table 5.2.
The model input stellar parameters are the mass and age, withcorresponding
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Table 5.2: List of output quantities: monochromatic continuum fluxesFcont and
integrated, continuum-subtracted line fluxesFline.
observable wavelengths [µm]
Fcont 57 wavelength points between 0.1µm and 3500µm
Oi 63.18, 145.53
Cii 157.74
12CO 2600.76, 1300.40, 866.96, 650.25, 520.23, 433.56, 371.65,
325.23, 289.12, 260.24, 144.78, 90.16,79.36, 72.84
o-H2O 538.29, 179.53, 108.07, 180.49, 174.63, 78.74
p-H2O 269.27, 303.46, 100.98, 138.53, 89.99, 144.52
effective temperatures and luminosities taken from the evolutionary models of Siess
et al. [2000]. The photospheric input spectra are taken fromKurucz stellar atmosphere
models of solar abundance, with an additional UV component to account for accretion




Lλdλ is the UV luminosity with assumed spectral shape
Lλ∝λ0.2. The UV excess component has a significant impact on the disc chemistry and
heating. It would thus be desirable to include morefUV values in the grid, analogous
to the range of accretion rates found in Mayne and Harries [2010], which cover six
orders of magnitude in a model grid examining the dust continuum emission from
accreting brown dwarves. However, the additional gas disc parameters in the DENT
grid, coupled with the obvious computational constraints,mean that a simple two-value
comparison will have to suffice at present.
The disc shape, density structure and dust properties are define parametrically as
outlined in Table 5.1, with dust grain opacities taken from Draine and Lee [1984]. The
discs are assumed to be passive, i.e. there is no viscous heating. The grid models do
not contain PAHs, which will in general tend to give slightlycooler discs.
The DENT grid was computed using ProDiMo interfaced with the Monte Carlo
radiative transfer code Mcfost [Pinte et al., 2006]. In total the grid comprises 323020
disc models and SED calculations. A total number of 1610150 line flux calculations
have been carried out for 29 spectral lines under 5 inclinatio s. See Woitke et al. [2010]
for further details concerning the modelling process.
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Figure 5.1:xDENT main menu.
5.3 xDENT
xDENT is a graphical user interface for visualising the DENT grid data. It is written as
anidl widget, and has been used by the GASPS team to analyse the dataan produce
figures for a number of publications.xDENT allows users to select subsets of grid
models, and plot the various input parameter values and observabl s in a number of
formats. Users are also able to fit the grid models to observedlin and continuum data.
All plots produced usingxDENT are fully customisable; there is an option to output
theidl source code for a particular plot, which can be edited to change the plot axes,




ThexDENT main menu (see Fig. 5.1) lists all model parameters, and allows the user
to narrow down the selection of grid models used for plottinga d/or fitting. For each
parameter the desired models can be selected either by specifying a single value for that
parameter from a pull-down menu, or by typing a range of values into the appropriate
field. For example, typing “<=2” into the Mstar field will select all models with stellar
mass greater than or equal to 2 M⊙, and typing “1E-4--1E-2” into the Mdisk field
selects all models with disc mass between 10−4 and 10−2 M⊙.
As well as filtering the grid models by input parameter value,users can specify up
to four observable quantities, with an allowed range of values for each, to narrow down
the model selection. Individual models of interest (e.g. from fitting) can be selected by
typing the model ID into the appropriate field.
5.3.2 Plotting
Scatter plot
This function plots the data for the selected models on axes sp cified by the user (see
Fig. 5.2). The axes can denote any one of the model input parameters, continuum or
line predictions, species masses or mass-averaged speciest mperatures, or the ratio
of any two of these. The plotted points can also be colour-coded according to a third
parameter, in up to 8 colour bins. The user can specify the axes ranges, and whether
the data is plotted linearly or logarithmically.
If any individual points in a plot are of interest to the user,they can click that
point with the cursor. This causes the terminal to print the model ID and model input
parameters, as well as the species masses and some key observables. The point is
marked in the plot by its model ID so as to avoid confusion (seeFig. 5.3).
Histogram
In addition to plotting individual data points,xDENT users can plot histograms using
all or a subset of the DENT grid models. The variable selectedfor the x-axis is split
into a number (40 by default) of evenly-spaced (log or linear) bins, andxDENT plots
the number of models inside each bin. An additional variablecan be used to further
discretise the results, in which case a specified number of col ur-coded histograms are
plotted on the same axes (see Fig. 5.4).
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Figure 5.2: Two colour line flux diagram, [Oi] 63/145µm versus [Oi] 63/[Cii] 158µm,
of a sub-selection of 10740 DENT models withρd/ρg=0.01,ǫ=0.5, s=0.5, inclination
angle 41◦. Colour-coded is the disc gas mass.
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Figure 5.3: Model information function inxDENT.
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Figure 5.4: Dependence of [Oi] 63.2µm line flux on the stellar UV excessfUV. The
black histogram counts the DENT models that result in certain [Oi] 63.2µm fluxes
at distance 140pc in 40 log-equidistant bins. The red histogram represents the low
fUV = 0.001 models, and the blue dotted his- togram the highfUV = 0.1 models. The
difference between high and low UV excess causes a difference of about 1-1.5 orders of




Figure 5.5: [Oi] 63µm emission plotted against12CO J=2-1 line emission for a
selection of disc models. The models are binned in thex-direction, and the mean
values and standard deviations in thex andy-directions are plotted. The models are
further divided by outer disk radius, colour-coded with values of 100, 300 and 500 AU.
Plot means
In certain situations, with a large number of overlapping points, the scatter plots can
become rather difficult to interpret. The “plot means” option inxDENT is an alternative
style of plot which is intended to respresent the data more clearly in such situations.
The x-axis is split into∼ 40 equidistant bins (again log or linear spacing). Each bin
is then analysed, andxDENT plots the meanx andy variable values, with error bars to
indicate thex andy standard deviations in a particular bin. As for the other plotting




xDENT also has the option of fitting the model outputs to observations. The coarse
nature of the DENT model grid means that it is not well-suitedo detailed model
fitting. Rather, the fitting feature inxDENT allows users to identify a range of interest in
parameter space, to direct further research with e.g. a morefinely-spaced model grid
covering that range of values. The detailed fitting of disc models to individual target
observations is covered extensively in Chapter 6, but this is outwith the aims of the
DENT grid.
xDENT users can specify any combination of observed line and/or continuum fluxes
and upper limits, and the program calculates for each model the following logarithmic











































obsare the observed flux and its error respectively, andF
i
mod is the flux
predicted by the model. The sum in equation 5.1 is carried outover the total number
of observed fluxes provided by the user. The grid models are fitted to the observations
by finding the model with the minimumχ2 value.
The use of this modifiedχ2 quantity to select the best-fitting models was motivated
by the huge range in values for each observable quantity predicted by the model grid.
Typically an observed data point will have models predicting values several orders
of magnitude in each direction, and this logarithmicχ2 discriminates evenly between
values which are too high and too low. The standardχ2 efinition was found to favour
models which predicted values less than that which was observed. When fitting to
observed upper limits it is no longer possible to use this method, andχ2 is defined
simply as the ratio of the predicted flux and the observed error [W itke et al., 2011].
Due to difficulties arising from switching between these two definitions, the observed
upper limits are not used for my later model fitting efforts (see chapter 6), and I instead
use only the logarithmicχ2 definition from 5.1.
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Figure 5.6: Dependence of [Oi] 63.2µm line flux at distanced= 140 pc on the flaring
parameterβ, as function of total disc gas massMgas. A sub-selection of 3456 T Tauri
models is plotted (M⋆ ≤ 1 M⊙, age≤ 1 Myr, fUV = 0.1, Rin = Rsubli, s= 0, inclination
angle≤60◦).
5.4 Results
The DENT model grid data have been used in a number of studies to seek parameter
dependencies, with an ultimate aim to be able to invert thesed p ndencies and infer
the disc properties from observations. All of these studieshave usedxDENT as an
analytical tool, and to produce figures for publication. I summarise here some of the
key findings from the DENT model grid.
Woitke et al. [2010] show that the calculated emission line fluxes are strongly
dependent on the assumed stellar UV excess and disc flaring. Fig. 5.4 splits the entire
sample of DENT grid models into two groups: those with large UV excess emission,
fUV = 0.1, and those withfUV = 0.001, and measures the [Oi] 63.2µm line emission
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from each. It is seen that the difference in UV excess leads to a difference of 1-1.5
orders of magnitude in line flux. This can be attributed to theincreased UV emission
heating the warm disc surfaces, leading to a brightening of the emission lines. The
dependence on UV excess is less pronounced for Herbig Ae/Be stars, which have a
photospheric soft UV component.
This line is also shown to be sensitive to the disc flaring in Fig. 5.6, which plots
the calculated [Oi] 63.2µm line flux for a subset of T Tauri discs withfUV = 0.1, as
a function of disc mass. At low disc masses the discs are optically thin, and the disc
flaring has only little influence on the line emission. However, in the more massive,
optically thick discs, the line fluxes from the flared and non-flared discs are seen to
diverge. The line fluxes from the discs with strong flaring (β=1.2) continue to increase
with increasing mass, whereas the non-flared discs (β=1), in which the disc surface is
shadowed by the inner disc regions, begin to saturate with increasing disc mass due to
increased shadowing. The flared discs have warm surface layers which are illuminated
by stellar light, giving stronger [Oi] 63.2µm emission. Woitke et al. [2010] propose
that for massive T Tauri discs, high [Oi] 63.2µm fluxes are a safe indicator of flaring of
the gas disc.
Kamp et al. [2011] also usexDENT to study the [Oi] 63.2µm line emission from
discs, and find it to be on the whole a reasonable tracer of gas mas . However, for
massive non-flaring, settled disc models without UV excess,thi line is found to suffer
from self-absorption in the cool upper disc layers. In addition, the [Cii] 158µm fine
structure line is strongly dependent on the stellar UV flux, and the presence of a UV
excess, due to this line forming in the photoionised gas in the thin disc surface layer.
Kamp et al. [2011] propose that the sensitivity of the lines to the UV excess and disc
flaring can be by-passed to an extent by taking the ratios of lines which are equally
affected by these parameters. This is the case in Fig. 5.2, whichs ows a two-colour
line flux diagram in which the [Oi] 63 & 145µm lines and the [Cii] 158µm line are
able to distinguish between different disc masses, for a large subset of the DENT grid
models. However, for many objects the [Oi] 145µm and [Cii] 158µm lines will not be
available, since they are often more than a factor of 10 fainter than the [Oi] 63.2µm
line, and so Kamp et al. [2011] also look at the low rotationalCO lines. These are
found to trace the disc outer radius, as I found in Chapter 4, albeit for a much more
limited sample of models. In particular the CO J=2-1/[Oi] 63.2µm line ratio is found




Pinte et al. [2010] compare the DENT grid data to the first set of GASPS
observations, comprising Herschel/PACS line data obtained for a small sample of
objects with discs. These results confirm the prediction from the DENT grid, that the
line fluxes are strongly affected by the UV excess in T Tauri stars, and the stellar UV
for Herbig stars. This study also highlights the considerabl parameter degeneracies
present in the DENT grid, and notes the difficulties and potential pitfalls when
attempting to interpret line observations and invert them into physical parameters. A
better understanding of the various degeneracies might be obtained by deriving the
Spearman’s rank correlation coefficient for each pair of free parameters, as was carried-
out recently by Mayne et al. [2012]. In any case, it is necessary to combine far-IR line
observations with the low rotational sub-mm transitions ofCO, and continuum data,
in order to break these degeneracies. I follow this approachin Chapter 6, in which I
carry out detailed model fitting to a large sample of data for asingle object, in order to
attempt to derive the disc properties.
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Chapter 6
Gas Modelling in the Disc of HD
163296
6.1 Introduction
In this chapter I continue my attempts to better-understandthe physical conditions
inside Herbig discs, using a different approach. While the previous two chapters have
employed a statistical approach - using large samples of disc models to seek overall
trends across the various observable quantities - in the following I instead focus on
one particular object, attempting detailed model fits to theavailable observations of
the Herbig Ae star HD 163296. These observations include newH rschel/PACS far-
infrared data obtained as part of the GASPS program, as well as a l rge number of
additional line and continuum data. The work described in this c apter is published in
the Astronomy& Astrophysicspaper “Gas Modelling in the Disc of HD 163296” by
Tilling et al. [2011].
The Herschel/PACS data reduction described in Section 6.2 was carried outby
Gwendolyn Meeus. The stellar parameter determination describ d in Sections 6.3.1–
6.3.4 was carried out by Benjamin Montesinos, Aki Roberge and William Vacca. This
was an important part of this study however, since accurate stellar parameters and
knowledge of the stellar UV emission are crucial in modelling the gas chemistry and
heating. The Mcfostmodel used to check the disc PAH emission in Section 6.5.2 was
computed by Christophe Pinte.
One important disc property for planet formation models is the amount of gas
present as it evolves. The dust characteristics are generally better-understood than
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Table 6.1: Observed line data with Herschel/PACS. Detections are listed asFL±σ)
whereas non-detections quote< 3σ. There is an additional absolute flux calibration
error of 30%. In the case of the [Cii] 158µm line, strong contamination from the
surrounding background prevented us from estimating a meaningful upper limit.
Species λ [µm] ν [GHz] Line Flux [10−18 W m−2] Continuum (RMS) [Jy]
OI 63.18 4745.05 193.1± 5.8 16.46 ± 0.07
OI 145.52 2060.15 < 8.5 22.12 ± 0.03
CII 157.74 1900.55 – 23.90 ± 0.05
p-H2O 89.99 3331.40 < 9.4 19.14 ± 0.04
o-H2O 179.52 1669.97 < 14.5 22.28 ± 0.08
o-H2O 180.42 1661.64 < 16.2 21.58 ± 0.09
o-H2O 78.74 3810.01 < 15.0 21.00 ± 0.10
OH 79.11 3792.19 < 17.0 20.70 ± 0.10
OH 79.18 3788.84 < 17.0 20.60 ± 0.10
CO J=36-35 72.85 4115.20 < 11.6 17.30 ± 0.03
CO J=33-32 79.36 3777.63 < 22.8 18.12 ± 0.07
CO J=29-28 90.16 3325.12 < 11.1 19.10 ± 0.05
CO J=18-17 144.78 2070.68 < 13.1 22.05 ± 0.04
the gas, and the ISM gas/dust mass ratio of 100 is often adopted to give an estimate of
the gas mass. However, gas masses derived from millimetre and sub-mm CO emission
observations are typically lower than from dust observations with this assumption,
sometimes by a factor∼ 100 [Thi et al., 2001]. This is variously attributed to gas
depletion due to photoevaporation or planet formation, andCO freeze-out on grains
[Zuckerman et al., 1995, Kamp and Bertoldi, 2000]. These lowlevel rotational CO
transitions are also strongly dependent on the disc size, and often optically thick under
certain disc conditions, limiting their ability to probe the deeper disc layers [Panić and
Hogerheijde, 2009, Hughes et al., 2008b]. In order to betterconstrain the disc gas mass
it is necessary to observe additional gas species, such as those observable in the far-
infrared. The FIR range is a crucial observing window which can help to resolve some
of these ambiguities. The fine structure lines of atomic oxygen and ionised carbon
probe the gas in the warm disc surface layers, and as productsof CO photodissociation
provide a good test for this proposed explanation of CO under-abundance. In addition,
the high level rotational transitions of CO arise from warm gas in the inner disc,
probing different disc regions to the low level mm CO lines.
In addition to the discrepancy between gas mass estimates from millimetre
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continuum and CO observations, there is uncertainty regarding the derived disc outer
radii from CO and continuum observations. The outer radius suggested by model
fits to dust emission is often found to be smaller than that of the gas disc. In the
case of the Herbig Ae star AB Aurigae, Piétu et al. [2005] suggested that a change in
dust grain properties, leading to reduced opacity in the outr disc, could explain this
discrepancy. For HD 163296, Isella et al. [2007] attributedthe apparent difference
in disc radii to a sharp drop in surface density, opacity or dust-to-gas ratio beyond
200 AU, while Hughes et al. [2008b] proposed that the apparently conflicting dust and
gas observations could be reconciled using a different treatment of the disc surface
density at the outer edge, motivated by similarity solutions for the time evolution of
accreting discs. This study attributed smaller derived disc radii from dust observations
to detector sensitivity thresholds, arguing in favour of larger dust discs, albeit with an
exponentially-tapered density at the outer edge. A steepening of the density profile in
the outer disc has also been observed in the case of DM Tau, LkCa 15 and MWC 480
by Piétu et al. [2007].
HD 163296 is an isolated Herbig Ae star with spectral type A1Ve, mass∼ 2.5 M⊙
and stellar luminosity∼ 38 L⊙ (this work), situated at a distance of 118.6+12.7−10.0pc [van
Leeuwen, 2007]. Scattered light and millimetre continuum observations indicate
the presence of an inclined circumstellar disc extending out t a radius of 540AU
[Mannings and Sargent, 1997, Grady et al., 2000, Wisniewskiet al., 2008]. In addition,
there is evidence of an asymmetric outflow perpendicular to the disc, with a chain of
six Herbig-Haro knots tracing its mass-loss history [Devinet al., 2000]. The derived
disc dust mass is in the range (5−17)×10−4M⊙ [Natta et al., 2004, Tannirkulam et al.,
2008a, Mannings and Sargent, 1997, Isella et al., 2007].
Recent near-infrared studies of the inner disc of HD 163296 indicate an inner dust
rim feature enclosing a bright emission region extending inwards towards the star.
This emission inwards of the dust rim has been attributed to an ptically thin inner
disc, although there is uncertainty regarding the size and composition of such a disc.
Derived radii for the dust rim lie in the range (0.2 – 0.55) AU [Renard et al., 2010,
Eisner et al., 2009, Tannirkulam et al., 2008b, Benisty et al., 2010, Monnier et al.,
2006]. An increase in opacity at the inner rim due to sublimaton of grains could
cause the rim to puff up, and it has been suggested that this leads to time-variable self-
shadowing of the outer disc [Sitko et al., 2008, Wisniewski et al., 2008]. Mid-infrared
imaging of warm dust in the disc surface layers seems to indicate little flaring [Doucet
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Figure 6.1: Observed [Oi]63µm emission line with Herschel/PACS.
et al., 2006], and scattered light brightness profiles are consistent with a non-flared
outer disc [Wisniewski et al., 2008]. Fits to the ISO-SWS spectra of HAeBe discs led
Meeus et al. [2001] to classify HD 163296 as one of their groupII objects, in which
an optically thick inner disc shadows the outer disc from stellar radiation, resulting in
a non-flared geometry.
In this study I aim to fit a wide variety of observed emission lines and the dust
spectral energy distribution (SED) simultaneously with a disc with this observed
geometry.
6.2 Herschel/PACS Observations
We have obtained observations of HD 163296 in the far-infrared using Herschel/PACS,
consisting of spectroscopic line observations and photometry. These include a
detection of the [Oi] 63µm fine structure line, and upper limits for a number of other
atomic, ionic and molecular far-IR lines. We observed HD 163296 with the PACS
spectrometer in line spectroscopy mode (obsid 1342192161,1252 sec, 3 repetitions)




Table 6.2: Photometric fluxes observed with Herschel/PACS. These observations
(AORS 1342228401 and 1342228401) are done with the standardminiscan.
λ [µm] 70 160
Flux [Jy] 18.5±3.3 20.2±4.0
The spectra were reduced using HIPE version 7.0, with the standard pipeline scripts
for a chopped line scan of a point source. The reduction stepsinclude division by the
spectral response function and MedianOffsetCorrection, as the new flat fielding task is
not yet robust for short range scans such as the present observations (PACS instrument
team, private communication). For this study, we only make us of the data contained
in the central spaxel, to which we apply a wavelength-dependent correction factor
for the loss of flux due to diffraction losses. With these additional steps, the absolute
flux calibration accuracy is 30% (see PACS Spectroscopy Performance and Calibration
Document, http://herschel.esac.esa.int/AOTsReleaseStatus.shtml).
The line fluxes and upper limits are given with continuum datain Table 6.1. The
PACS photometry data are given in Table 6.2. Comparison of the azimuthally averaged
radial profiles with the observed point spread function (PSF), using Vesta, show that
the disc is unresolved at both 70µm and 160µm. The spatial extent of the observed
[Oi] 63µm emission is illustrated in Fig. 6.2, where it can be seen that the emission is
dominated by the central 9.4×9.4 arcsecond spaxel. This corresponds to a maximum
radial extent of 560 AU for the emission.
The pipeline reduction of the [Cii] 158µm range shows this line in absorption,
which is unexpected. Therefore, we also looked at the unchopped spectra in the
different chop positions. It is clear that the region around HD 16329 is full of
[Cii] 158µm emission, and that this causes the emission feature at the position of the
star to cancel out (and even become an absorption feature). This is likely due to cloud
material along the line-of-sight, since HD 163296 is located close to the Galactic plane,
and is consistent with the presence of CO emission at radial velocities offset from this
object, but unresolvable with PACS [Thi et al., 2001]. We also inspected all the other
lines for their unchopped appearance, but did not find contami tion through the offset
positions in those cases.
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Figure 6.2: [Oi]63µm spectra observed by Herschel/PACS towards HD 163296. Each
spectrum corresponds to a 9.4×9.4 arcsec pixel centered at the given coordinates.
Emission is dominated by the central pixel, corresponding to a maximum outer radius
of ∼ 560AU, assuming a distance of 118.6 parsecs to this object.
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Table 6.3: Parameters for HD 163296.
Temperature 9250± 150 K
Gravity (logg∗) 4.07± 0.09
Metallicity ([Fe/H]) +0.20± 0.10
Mass 2.47± 0.10M⊙
Luminosity 37.7± 7.0L⊙
Age 4.2± 0.4 Myr
6.3 Properties of HD 163296
The study of the disc of HD 163296 is directly linked to the knowledge of the absolute
parameters of the star itself and the behaviour of the spectral energy distribution (SED)
in the ultraviolet (UV), optical and near infrared (near-IR), which is mostly dominated
by stellar radiation; in particular, the energy emitted at wvelengths shorter than 2500
Å is a fundamental piece of information used to model the disc, due to its impact on
the photo-chemistry and gas heating [Woitke et al., 2010]. This section describes the
stellar properties and studies the spectral energy distribution at the range mentioned
above.
6.3.1 Stellar parameters
The determination of the stellar parameters of HD 163296 wasdone in an extensive
work devoted to the study of a sample of Herbig Ae/B stars [Montesinos et al., 2009].
Details of the methodology followed and the observations used can be found in that
paper. We outline in this section the relevant steps of the process.
An iterative distance-independent algorithm based on the analysis of the SED and
optical high-resolution spectra (for the estimation of theeffective temperature and
metallicity), and mid-resolution spectra of the Balmer lines Hβ, Hγ and Hδ (for the
estimation of the gravity), was applied.
The knowledge of the effective temperature, gravity and metal abundance allows
us to place the star in a logg∗ − logTeff diagram and superimpose the appropriate set
of evolutionary tracks and isochrones for that specific metallicity [Yi et al., 2001].
This gives directly – or after a simple interpolation between the tracks and isochrones
enclosing the position of the star – the stellar mass and the age. Since there is a one-to-
one correspondence between a pair (Teff , g∗) on a given track and a pair (Teff , L∗/L⊙),
the stellar luminosity can also be estimated.
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Table 6.4: Photometry for HD 163296.
Band λ (µm) Magnitude and error Flux and error (Jy)
U 0.360 6.95± 0.03 3.00± 0.08
B 0.440 6.92± 0.04 7.27± 0.27
V 0.550 6.86± 0.03 6.56± 0.18
R 0.640 6.73± 0.05 6.26± 0.29
I 0.790 6.67± 0.10 5.48± 0.51
J 1.215 6.17± 0.05 5.55± 0.26
H 1.654 5.49± 0.05 6.69± 0.31
K 2.179 4.71± 0.05 8.56± 0.39
Table 6.3 gives the stellar parameters of HD 163296 after a slight refinement of
the results presented in Montesinos et al. [2009], incorporating an analysis of the
foreground extinction.
6.3.2 The SED: UV, optical and near-IR observations
Simultaneous optical UBVRI and near-infrared JHK photometry obtained as part of
the EXPORT collaboration [Eiroa et al., 2001, Oudmaijer et al., 2001], were used to
build the optical and near-IR photospheric spectral energydistribution of HD 163296.
Table 6.4 shows the wavelengths, magnitudes and corresponding fluxes with their
uncertainties. The calibration from magnitudes to fluxes habeen done using the
zero points given by Bessell [1979] for the optical and Cox [1999] for the near-IR
magnitudes.
Ultraviolet IUE spectra of HD 163296 were extracted from theINES archive1.
From the collection of 68 SW and LW (for “short” and “long wavelength”) spectra in
low resolution, obtained through the large aperture of the spectrograph, all those that
looked clean (few or no bad pixels) and with the correct exposure classification codes
were selected. The spectra (SW+LW) cover the range 1250–3000 Å.
A high-resolution, far-UV spectrum of HD 163296 was constructed by combining
data taken with HST STIS and FUSE. The STIS spectra, covering1150 Å to 3000 Å,
were obtained from the HST STIS Echelle Spectral Catalog of Stars (StarCat2). The
FUSE spectrum of HD 163296 is extremely noisy below 970 Å; therefore, we used
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Figure 6.3: Spectral energy distribution for HD 163296. Thegr en dots represent the
fluxes corresponding to the UBVRIJHK photometry. The size ofthe dots is of the
order or larger than the uncertainties. The IUE average spectrum and the FUSE+STIS
spectrum are plotted in blue and red, respectively; the lattr has been slightly smoothed
to reduce the noise. The SpeX/IRTF spectrum is plotted in magenta. The black solid
line is a photospheric model computed for the specific stellar parameters given in Table
6.3, reddened with E(B–V)=+0.15 and normalized at the flux in V. See text for details.
UV spectrum for HD 163296. FUSE spectra contain strong terrestrial airglow emission
lines, due to the large size of the observing aperture. We remov d these lines from the
HD 163296 spectrum before stitching it to the STIS spectrum.
A comparison of the IUE and FUSE+STIS spectra shows that they differ in the
level of their continuum. The IUE spectra with the largest flux levels are a factor
∼ 1.6 higher than the FUSE+STIS spectrum, therefore, regarding the modelling, the
ultraviolet contribution of the star will be represented bytwo different UV input
spectra, namely a “low UV” state, corresponding to the FUSE+ TIS spectrum, and a
“high UV” state, corresponding to the average of the highestIUE spectra3 (see section
6.4.1).
In addition, a near-infrared spectrum of HD 163296 was obtained at the NASA
3The average IUE spectrum was build with the following indiviual spectra: SWP 28805, SWP
28811, SWP 28813 and LWR 02065.
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Infrared Telescope Facility (IRTF) on Mauna Kea on 2010 July8 with SpeX [Rayner
et al., 2003]. Ten individual exposures of the target, each lsting 32 s, were taken using
the short-wavelength cross-dispersed (SXD) mode of SpeX. This mode yields spectra
spanning the wavelength range 0.8–2.4µm divided into six spectral orders. The slit
width was set to 0.′′3, which yields a nominal resolving power of 2000 for the SXD
spectra. Observations of HD 156717, an A0 V star, used as a “telluric standard” to
correct for absorption due to the Earth’s atmosphere and to flux calibrate the target
spectra, were obtained immediately preceding the observations of HD 163296. The
airmass difference between the observations of the object and the standard was 0.06.
The seeing was estimated to be∼ 0.′′3 − 0.′′5 at 2.2µm during the observations and
conditions were clear. The statistical S/N varies across the spectral range but is of the
order of several hundred over the entire SXD spectrum. The SpeX data were reduced
with Spextool [Cushing et al., 2004] and the telluric correction was performed using
the procedures and software described by Vacca et al. [2003].
Figure 6.3 shows the SED of HD 163296. The solid black line is aphotospheric
model computed forTeff = 9250 K, logg∗ = 4.07 and [Fe/H]=+0.20 from the GAIA
grid of models created with the PHOENIX code [Brott and Hauschildt, 2005]. The
model has been reddened with E(B–V)=+0.15 (RV = 3.1); this will be discussed in
section 6.3.4.
6.3.3 Spectral type from the ultraviolet and near-infraredspectra
Despite the fact that the precise determination of the stellar parameters has been done
through a careful analysis of a variety of observations, as we have mentioned in section
6.3.1, an attempt to determine the spectral type of HD 163296in a more qualitative way
has been done using the ultraviolet and near-infrared spectra.
A comparison of the ultraviolet data with IUE spectra of starclassified as
“spectral-type standards” was done . The spectra were takenfrom the “IUE Ultraviolet
Spectral Atlas of Standard Stars”4 [Wu et al., 1983, 1992]. It is interesting to note
that below 2000 Å, for a given spectral type, the ultravioletspectra of the “spectral-
type standards” themselves are very different, in particular for A0 V and A1 V. If we
consider only the region above 2000 Å, the comparison suggests that HD 163296 is
closer to A3 V (and possibly slightly later), however, if a mild extinction is present,
the UV spectra would be also close to that of A1 V stars. A larger extinction would
4http://www-int.stsci.edu/˜jinger/iweb/proj/project.html
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push the spectral type determination towards earlier spectral types.
A similar exercise of spectral typing was done by a comparison of the SpeX
spectrum in the YJ bands (0.85 – 1.35µm) with Kurucz synthetic models (see
Montesinos et al. [2009] for references regarding the synthesis codes and models used).
The spectrum is complex, the range ofTeff ’s explored with the Kurucz models (8750–
9250 K, corresponding to A3V and A1V) does not produce significant Paschen line
variations. The Paschen line wings of HD 163296 are narrowerthan in any of the
models, which would suggest temperatures of 9250 K or higher. The metallic lines are
faint, their typical intensity being lower than 5% that of the continuum. Some lines
are deeper than in any photospheric spectrum, which suggests the presence of some
circumstellar absorption. Some lines are much fainter, which suggests an spectral type
A1V or earlier, or dust emission veiling. Good agreement is rarely found. Although
we fail to find a unique combination ofTeff and logg that provides an adequate fit to
both the UV and NIR spectra of HD 163296, all data are consistent with an A1-A3
star, seen through mild foreground extinction.
6.3.4 The extinction
The determination of the extinction is an intricate problem. The classical method
of comparing the observed colours with those of standard stars of similar properties
does not lead to any conclusive result, given the slight variability of the star and the
photometric (and spectral type) uncertainties. For normalstars, the UV part of the SED
can be used to estimate this parameter, but in the case of HD 163296 the ultraviolet
spectrum is variable and has contributions both from the photosphere and the accretion
shock that are difficult to quantify. The extinction seems to be mostly circumstellar,
therefore the exact value of the constantRV is not known. The observations available
do not allow us to disentangle completely this problem.
The strategy followed to assign a value of E(B–V) to this starh s four steps: 1)
introduce extinctions from E(B–V)=0.0 to 0.2 to the photospheric model, 2) normalize
the reddened model photosphere to the flux at V, 3) de-redden the ormalized model
and estimate the integrated stellar flux,F∗; note thatF∗ is the flux that would be
observed in the complete absence of extinction. Obviously,different extinctions imply
different values ofF∗. A value ofRV=3.1 has been used.
The fourth step is based on the following argument: since thes ellar luminosity
L∗/L⊙ is known through the distance-independent method outlinedsection 6.3.1,
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an estimation of the distance,d can be obtained simply from the expressionL∗ =
4πd2F∗, where it is assumed that the whole star is visible, i.e. and no part of the stellar
flux is completely blocked by the disc of other circumstellarmaterial (see a complete
discussion of this issue in Montesinos et al. [2009]). The value E(B–V)=+0.15 allows
us to recover a distance of 128 pc, which matches the Hipparcos distance to within the
uncertainties, therefore it has been adopted as the optimumextinction for consistency
with the whole set of parameters. We would like to point out tha at value is a simple
parameterization of a very complex problem and that a deeperstudy, outside the scope
of this chapter, would be needed to study all its peculiarities.
In Fig. 6.3 the photospheric model reddened with E(B–V)=+0.15 has been plotted.
It goes through the two ultraviolet spectra but falls below both of them at wavelengths
shorter than∼ 1260 Å, and it also underestimates the flux at U. Note that the model
is purely photospheric, therefore the excess fluxes inferred from the observed data
when compared with the model might be due to emission from theaccretion shock,
i.e. with a non-photospheric origin. The observed SED seemsto depart from the
photospheric SED at around∼ 1 µm, where the contribution from the disc starts to
become noticeable.
6.3.5 Observational constraints
In addition to the new Herschel data I have further constrained my disc models
using SMA interferometric observations of the J=3-2 transition in12CO and PBI
interferometry of the12CO 2-1 and13CO 1-0 transitions [Isella et al., 2007], an upper
limit for the S(1) transition in H2 obtained by VLT/VISIR [Martin-Zaı̈di et al., 2010],
the ISO-SWS spectrum in the infrared, and a wealth of photometric data, including
SCUBA photometry in the sub-mm [Sandell et al., 2011]. See Fig. 6.4 for a full list of
the photometry sources.
There is a wealth of observational data available for HD 16329 which constrains
to varying extents my choice of model parameters. As well as fitting to the data
mentioned in the previous paragraph, I have taken care not tocontradict current
understanding of the disc geometry. There is at present someunc rtainty regarding
the radial extent of the disc. Scattered light imaging indicates an outer edge for the
dusty disc of∼ 540 AU, consistent with that derived for the gas disc from milli etre
CO emission by Isella et al. [2007]. However, the resolved mmcontinuum emission
seems to indicate a smaller outer disc radius∼ 200 AU [Isella et al., 2007]. Hughes
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Table 6.5: Fixed disc model parameters.
Quantity Symbol Value
stellar mass M⋆ 2.47M⊙
effective temperature Teff 9250 K
stellar luminosity L⋆ 37.7L⊙
inner disc radius Rin 0.45 AU
dust material mass density ρgr 3.36 g cm−3
strength of incident ISM UV χISM 1
cosmic ray H2 ionisation rate ζCR 1.7× 10−17 s−1
turbulent Doppler width vturb 0.15 km s−1
α viscosity parameter α 0
disc inclination i 50◦
distance d 118.6 pc
et al. [2008b] propose that the millimetre continuum and CO 3-2 emission can be fit
simultaneously by a disc with an exponentially-tapered outer edge. For the purposes
of my modelling, I adopt the surface density profile derived by Hughes et al. [2008b]
for this object, and attempt to fit simultaneously the remaining observational data
(SED, line fluxes, CO line profiles) by varying the remaining disc parameters. As
an additional test, I compute a model with a power-law density profile, varying in
addition the column density power index to fit the same data (SED, line fluxes, CO line
profiles). For the purposes of this power-law model the disc outer edge is fixed at the
scattered light radius of 540 AU. These adopted disc outer radii are consistent with our
far-infrared photometry measurements, in which the disc isunresolved, corresponding
to the emission at these wavelengths being dominated by the inner∼ 200–300 AU of
the disc.
The disc is also resolved at the inner edge, and while there issome uncertainty
regarding the precise structure in this region [Renard et al., 2010, Benisty et al., 2010,
Eisner et al., 2009, Tannirkulam et al., 2008b], I adopt the median value of 0.45AU
for the inner disc radius. The disc is assumed to have constant flaring with radius,
i.e. the assumed inner rim structure does not cause shadowing. The reference scale
heights referred to in my results (see Table 6.6) are defined at the inner rim, i.e.
R = 0.45 AU. The disc inclination is fairly well-constrained byimaging at various
wavelengths [Benisty et al., 2010, Wassell et al., 2006, Isella et al., 2007, Tannirkulam
et al., 2008a, Grady et al., 2000], and is fixed at 50◦ throughout the modelling in this




While I have not used the spatial CO emission maps as a constraint for my
modelling efforts, I do use the extracted line profiles for the three CO lines [Isella
et al., 2007] as a constraint for the radial origin of the emission. The interferometry
allows one to isolate the emission from the disc, eliminating contamination from cloud
material. The bulk of the modelling uses a surface density profile derived from fitting
to the spatial CO 3-2 emission [Hughes et al., 2008b].
6.4 Modelling
The disc modelling was carried out using the radiation thermo-chemical disc code
ProDiMo [Woitke et al., 2009a, Kamp et al., 2010]. The code solves in tur the
radiative transfer problem, chemical network, and gas heating and cooling balance.
Finally, the level populations are calculated, followed byline transfer calculations to
give the predicted line emission.
The frequency-dependent 2D radiative transfer solver calcul tes the dust temper-
ature structure and internal continuous radiation field fora given disc and stellar
spectrum. For the purposes of this chapter it was used to determin an SED-fitting
dust model for HD 163296, by varying the total dust mass, grain size parameters and
the spatial distribution of dust in the disc, including dustse tling as a function of grain
size (see Section 6.5.1).
Once the dust temperature structureTdust(r, z) and internal radiation fieldJν(r, z)
have been computed, ProDiMo solves the chemical network assuming kinetic equi-
librium (such that the net concentration of each species doen t change over time),
and the gas energy balance. This gives the chemical composition of the disc, the gas
temperatureTgas(r, z) and the gas emission lines, and depends on the gas-to-dust ratio
and PAH abundance. The chemical network includes 973 reactions between 76 gas
phase and solid ice species composed of 10 elements [Woodallet al., 2007, Schöier
et al., 2005b]. There is a detailed treatment of UV-photoreactions [see Kamp et al.,
2010], as well as H2 formation on grain surfaces, vibrationally excited H⋆2 chemistry,
and ice formation (adsorption, thermal desorption, photo-desorption, and cosmic-ray
desorption) for a limited number of ice species [see Woitke eal., 2009a, for details].
The level populations of the various atoms, molecules and ios are calculated using
an escape probability method, and used to solve the line transfer for selected spectral
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lines, in this case those of CO [Flower, 2001, Jankowski and Szalewicz, 2005, Wernli
et al., 2006, Yang et al., 2010], H2O [Barber et al., 2006, Dubernet and Grosjean, 2002,
Faure et al., 2007, Green et al., 1993, Tennyson et al., 2001],Oi [Abrahamsson et al.,
2007, Bell et al., 1998, Chambaud et al., 1980, Jaquet et al.,1992, Launay and Roueff,
1977] and Cii [Flower and Launay, 1977, Launay and Roueff, 1977, Wilson and Bell,
2002]. See Woitke et al. [2011] for a description of the line transfer calculations,
as well as recent improvements to the chemistry and gas heating/cooling balance in
ProDiMo.
6.4.1 Input spectrum
The stellar input spectrum used for the modelling is a composite of the available
observed UV data with a model photosphere spectrum in the wavelength range for
which detailed spectral data are not available. I have accounted for the observed
ultraviolet variability of this object (see Section. 6.3) by running two sets of disc
models with different UV input spectra, namely, one representing the “low UV”
state and the other a “high UV” state, as described in Section6.3.2. These were
provided by the FUSE+STIS and the IUE average spectra, respectively. At the upper
wavelength boundary I switch in each case to the GAIA PHOENIXmodel photosphere
computed withTeff = 9250 K, logg∗ = 4.07 and [Fe/H]=+0.20. The observations
were de-reddened using the Fitzpatrick parameterization (Fitzpatrick, 1999) with E(B–
V)=+0.15 andRV=3.1.
The UV spectrum is of central importance to the gas modelling, both in the
chemical network and in the gas heating/cooling balance. This requires UV input
for wavelengths of 912 Å and above (the wavelength at which atomic hydrogen is
ionised). The FUSE spectrum in this case only extends down to970 Å, and the IUE
spectrum down to 1150 Å. In order to give a full spectrum for modelling purposes,
the “high UV” input is extended down to 970 Å by scaling the STI+FUSE (low UV)
spectrum accordingly. In both cases a power-law fit to the data is employed for the
remaining shortfall. The total photon particle fluxes are 60% greater for the high UV




I have utilised a Monte-Carlo evolutionary method, varyingthe 11 parameters listed
in Table 6.6. Deviations between model predictions and observations were measured
using the same logarithmicχ2 parameter as defined in equation 5.1. This was applied
separately to the observed photometry points, allλ-points in the observed ISO-SWS
spectrum, and the available gas line observations (see Section 6.3.5). In the case of the
line observations the models were fitted to the observed fluxes, and the line widths in
the case of the CO sub-mm observations, for which profiles were available. The upper
limits were not used as a fitting constraint, but were checkedagainst the predicted
best-fit model fluxes for any contradictions.
The application of eqn. 5.1 to the three sets of observationsresults inχ2phot, χ
2
ISO





Theχ2 value was then minimised by applying a (1,11)–evolutionaryst ategy with
automated step-size control [Rechenberg, 2000]. The strategy uses 1 parent producing
11 children with slighly modified parameters, the best of which will become the parent
of the next generation. The step-sizeδ is treated as an additional parameter which is
passed-on to the children.
It should be noted that the best-fit parameters depend in general on the weighting
scheme employed for the three groups of observations; in practice it was found that
weighting slightly in favour of the line emission and ISO-SWobservations at the
expense of the photometry gave the best fit overall. I also note the possibility that
the converged parameter values correspond to a localχ2 minimum, and not a single
global minimum, and do not claim a unique fit to the observations. Indeed, it is clear
from my modelling efforts that there exist many degeneracies between the various
parameters. However, each of the models discussed in the following sections are the
result of several hundred generations ofχ2-minimisation.
6.4.3 Dust properties
The rich solid-state spectrum of HD 163296 was observed by van den Ancker et al.
[2000], using the ISO-SWS and ISO-LWS spectrometers. The study found the dust in
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this object to consist of amorphous silicates, iron oxide, water ice and a small fraction
of crystalline silicates, with the presence of large millimetre-sized grains indicated by
the continuum temperature.
I assume homogeneous and spherical dust grains (Mie theory), with a power-law
size-distribution defined by a minimum radiusamin, maximum radiusamax, and power-
law indexp. The grain composition is assumed to be constant throughoutt e disc, and
I adopt the dust species mixture determined by Bouwman et al.[2000] for this object,
averaging their fractional species abundances over the disc (see Table 6.7). All grains
have the same species composition regardless of their size,and the grain composition
is not treated consistently with the physics and chemistry of grains. For instance, the
assumed grain water ice fraction is constant throughout thedisc, independent of the
water ice abundances calculated in the solution of the chemical network. For the dust
material mass density, I take the average value for this mix of 3.36 g cm−3. Optical
constants for the various dust species were taken from measurements made by the
studies listed in Table 6.7.
Bouwman et al. [2000] carried out a detailed study of this object, fitting to spectral
data over a large wavelength range. I note however that the dust opacity law represents
a potentially large source of uncertainty when deriving thedisc parameters. For
instance, the two olivine species FeMgSiO4 and Mg2SiO4, whilst having broadly
similar spectra in the wavelength range observable by ISO-SWS, have a factor> 30
difference in absorption opacity at∼ 1 micron. This will inevitably affect the derived
disc parameters, although the difference in opacities at millimetre wavelengths is
negligible. The models referred to in this study have extinction opacities in the range
(10.4 – 12.8) cm2g−1(dust) at 1mm.
6.4.4 Gas/dust ratio
The models considered have constant dust properties with radius. However, in general
the models do allow for differential dust grain scale heights as a function of grain size,
to represent the major eff cts of dust settling. This leads to a local gas/du t ratio which
varies with height in the disc, yet at any given radius the ratio of the vertical gas and
dust total column densities is constant, and equal to the global gas/dust ratio. The
degree of dust settling is determined by a simple parameterisation (see Section 6.5.1),
and models in which no dust settling is present are referred to as “fully mixed”.
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Table 6.6: Model parameters for four well-fitting disc models. The first three columns
refer to models with exponentially-tapered density profiles, while model 4 is a simple
power law. Models 1, 3 and 4 are for a “low UV” input spectrum while model 2 is
for a “high UV” flux. Finally, models 1, 2, and 4 allow dust grains to settle towards
the midplane while model 3 is fully mixed. Model 3 representsmy overall “preferred”
model, which is later discussed in detail, and is marked by anasterisk.
(1) (2) (3)∗ (4)
Quantity Symbol “low UV” “high UV” Fully mixed Power-law
disc mass Mdisc 2.2× 10−2 M⊙ 2.0× 10−2 M⊙ 7.1× 10−2 M⊙ 1.1× 10−2 M⊙
column density power index ǫ n/a n/a n/a 0.085
reference scale height H0 0.019 AU 0.019 AU 0.019 AU 0.027 AU
flaring power β 1.068 1.066 1.066 1.019
gas-to-dust mass ratio ρ/ρd 21.8 20.5 101.1 9.1
minimum dust particle radius amin 5.95× 10−3 µm 1.25× 10−3 µm 9.63× 10−3 µm 1.24× 10−2 µm
maximum dust particle radius amax 1134µm 1405µm 2041µm 1015µm
dust size dist. power index p 3.61 3.57 3.68 3.75
dust settling parameter s 0.57 0.39 0 (fixed) 0.56
minimum dust settling radius aset 1.09µm 0.44µm n/a 0.81
PAH abundance relative to ISM fPAH 4.3× 10−2 3.5× 10−2 6.8× 10−3 2.2× 10−2
fit to observed photometry χPHOT 1.723 2.061 1.323 1.279
fit to ISO-SWS spectrum χISO 1.326 1.378 1.780 0.827
fit to observed line data χLINE 0.661 0.741 0.742 0.607
6.5 Results
Table 6.6 gives the derived parameter values for four runs ofthe evolutionary scheme
outlined in the previous section. The first three columns refer to models with a fixed
exponentially-tapered density profile. The fourth column refe s to a model with power-
law density profile,Σ∝R−ǫ, in which the outer radius is fixed at 540 AU but the power
index,ǫ, is allowed to vary.
The surface density profile in the models with an exponentialouter edge (columns



















whereγ is analagous to the power law index, andR0 is the scale length over which
the disc surface density tapers exponentially. I adopt the previously derived values of
γ=0.9 andR0=125 AU [Hughes et al., 2008b]. For the purposes of my modelling, the
disc chemistry etc. was computed out to 850 AU, at which pointthe column density is
negligible.
The first, “low UV” column uses the FUSE+STIS UV spectrum as input for the
modelling, and the second “high UV” column uses the average IUE spectrum, as
described in Section 6.4.1. Both runs produce settled discs, with variable scale heights
for dust grains of different sizes. The third column in Table 6.6 gives the results
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Figure 6.4: Spectral energy distribution for the best-fit fully mixed disc model
(“preferred” model), obtained from a simultaneous fit to theobserved SED, ISO-SWS
spectrum and line emission from HD 163296 (solid black line). Black dotted line
indicates the SED for the model with power-law density profile, which is unable to
fit the mm continuum image for HD 163296. Blue circles indicate (with increasing
wavelength) simultaneous UBVRIJHK photometry [Eiroa et al., 2001, Oudmaijer
et al., 2001], LM photometry [de Winter et al., 2001], IRAS photometry (12-100
mic), sub-mm photometry [Mannings, 1994], and millimetre photometry [Isella et al.,
2007]. Also marked are PACS photometric observations (red circles), PACS continua
derived from the spectroscopic observations (black circles), SCUBA photometry
(green circles) [Sandell et al., 2011], scaled VLT/UVES spectrum (blue line, Martin-
Zaidi, in preparation) and the ISO-SWS spectrum (green line). The red line shows the
stellar+UV input spectrum. Downwards arrow denotes upper limit. Allfluxes were
corrected for interstellar reddening using the Fitzpatrick parameterisation [Fitzpatrick,
1999] withRV=3.1 and E(B–V)=0.15.
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Figure 6.5: 1.3mm continuum emission maps for HD 163296. From left: observed
map; emission map for preferred model (column 3 in Table 6.6); residuals for
preferred model; emission map for power-law model (column 4in Table 6.6);
residuals for power-law model. Residuals computed by subtracting the model intensity
from the observed intensity. Contours spaced at 12 mJy intervals, corresponding to
[3,6,9,12,15,18,21,24,27,30,33,36,39,42,45]×σ.
for a run with well-mixed dust grains, i.e. no settling is introduced. This run uses
the FUSE+STIS (low UV) spectrum, as does the run with power-law surface density
referred to in column 4.
None of the models described in Table 6.6 represent a perfectfit to all the
available data for HD 163296, but in all cases the models are abl to fit almost all
the observations. Considering the large number of data usedfor the modelling, and the
range of parameters covered by the well-fitting models, is isclear that there is some
degree of parameter degeneracy present.
6.5.1 Continuum emission and spectral energy distribution
The SED for the best-fit fully mixed disc model (column 3 in Table 6.6) is shown
in Fig. 6.4. With the constraints outlined in previous sections, my aim was to fit the
observed SED with a simple dust model, i.e. a continuous discwith constant flaring,
and dust species composition constant throughout the disc.All of the models described
in Table 6.6 require the presence of mm-sized grains in orderto fit the observed SED.
It was not possible to fit both the 10 micron silicate feature and the millimetre tail
with a well-mixed disc. This can be seen in Table 6.6, where the fully mixed model
gives a worse fit to the ISO-SWS spectrum than for the models inwh ch dust settling
is present. Fig. 6.4 shows that the best-fit fully mixed modelgives a smaller than
observed silicate emission feature. Sitko et al. [2008] observe a spectral variability of
∼ 10% in the wavelength range covered by the ISO-SWS data, and while I am unable
to fit the observations to within this range with even a settled model (simultaneously
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Table 6.7: Dust grain composition.
Dust Species Mass Fraction Optical constant ref.
Amorphous FeMgSiO4 0.745 Dorschner et al. [1995]
Amorphous Carbon 0.15 Jager et al. [1998]
Crystalline Mg2SiO4 0.035 Servoin and Piriou [1973]
Water Ice 0.035 Warren and Brandt [2008]
Iron Oxide 0.02 Henning et al. [1995]
Iron 0.015 Posch et al. [2003]
with the overall SED and line data), the fit is considerably better than is possible with a
well-mixed disc. This result is similar to that found for IM Lupi by Pinte et al. [2008],
in which a settled disc was needed to fit the 10µm silicate feature and SED millimetre
tail simultaneously.
On the other hand, the constraint of fitting to the ISO-SWS spectrum leads to
models which produce too much emission in the near-infrared(J,H and K bands),
giving an overall worse fit to the observed photometry. This effect is less pronounced
in the best-fit fully mixed model (column 3 c.f. columns 1&2 inTable 6.6). The
flux overprediction in the settled models is likely mainly due to the smaller average
grain size in the strongly illuminated disc surface layer. The condition of radiative
equilibrium between grains means that this gives a higher avrage grain temperature at
the disc surface, and the re-emitted light peaks at shorter wavelength than for the fully
mixed models (in the near-IR as opposed to the mid-IR). This flux overprediction is
still present to a smaller extent in the fully mixed model (see Fig. 6.4). This could be
a consequence of my fixing the disc inner radius for modellingpurposes, and a better
fit in the near-IR would be possible if I had allowed the inner radius to vary. It is
also probable that the structure of the inner rim is more complex than allowed by this
parameterised model, with evidence for puffing-up of material, which would certainly
affect the emission at these wavelengths. There is also significa t variability observed
for this object in this wavelength region [de Winter et al., 2001, Sitko et al., 2008].
Dust settling enhances the silicate emission feature for anoptically thick disc
since it removes the large grains from the surface layers, and places them at smaller
heights in the disc where they cannot be observed at mid-infrared wavelengths. The
flat blackbody opacity of these larger grains is overwhelmedby the characteristic
spectrally-varying opacity of smaller micron-size grainswhich remain at lower optical
depth, dominating the observed emission.
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In cases such as this where a simple parameterised disc structure is assumed,
ProDiMo implements a simple recipe to account for the major effects of vertical dust
settling. It is assumed that the dust grains are distributedvertically with a scale height
which decreases for large dust particles:
H′(a, r)=H(r) ·max{1, a/as}−s/2 (6.3)
whereH(r) is the gas scale height, ands andas are two free parameters (see Woitke
et al. [2010] for details).
Introducing two additional parameters to the modelling inev tably improves the
fit to the observed data, and indeed the combined fit to the photometry, ISO-SWS
spectrum and line emission does improve overall as dust settling is introduced. The
fact remains, however, that it is possible to obtain a good fitto almost all the available
data with a well-mixed disc, with a gas/dust ratio almost equal to the canonical value of
100, and so I adopt this model, described in column 3 of Table 6.6, as my “preferred”
model. However, the inability of a well-mixed disc such as this to fit the observed
emission in the mid-infrared means that there remains compelling vidence for a disc
exhibiting dust-settling, able to fit the line emission witha depleted gas/dust ratio (see
column 1 in Table 6.6). The effect of dust settling on the line emission is further
explored in Section 6.5.2.
The model with power-law density profile (column 4 in Table 6.6) gives the best
overall fit to the SED, ISO-SWS spectrum and line emission (see Fig. 6.4), with quite
different disc parameters to the three models with exponential outer edges (columns
1-3). The disc requires a very flat density profile,ǫ ∼ 0.085, in order to fit these
observations (not including spatial data). The predicted millimetre continuum emission
from this model is plotted with the observed maps in Fig. 6.5.It is clear that the
flat density profile leads to an emission deficit in the inner disc in comparison to
observations, and so this cannot be considered to be a good model for the disc of
HD 163296. A better power-law model could be found by using the maps as a further
constraint for the modelling, but that is beyond the scope ofthis work. The fully mixed
“preferred” model gives a better match to the observed millietre emission, as should
be expected since its density profile is derived from fitting to this data [Hughes et al.,
2008b]. The factors driving the power-law model to such a flatdensity profile will be
discussed in Section 6.5.2.
The power-law density profile model is, however, able to fit the non-spatially-
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Figure 6.6: Plotted in black are the line profiles observed byIsella et al. [2007] for the
12CO J=3-2 (upper panel),12CO J=2-1 (middle panel) and13CO J=1-0 (lower panel)
transitions, with the corresponding profiles from the preferr d disc model in red. This
refers to a single simultaneous fit to the observed continuumand line data (column 3
in Table 6.6). Observed profiles are obtained by integratingover the whole disc.
95
6.5. Results
resolved data with a smaller flaring index (∼ 1.02) than the exponentially-tapered discs
(∼ 1.07), more in keeping with the observational evidence for a disc that is not strongly
flaring [Meeus et al., 2001, Doucet et al., 2006, Wisniewski et al., 2008]. Meeus et al.
[2001] classify HD 163296 as a group II object, in which the inner disc shadows the
outer disc, as opposed to group I objects which have a flared geometry. Meijer et al.
[2008] find HD 163296 to lie on the transition between flared annon-flared geometry,
i.e. a flaring index close to 1. It is clear that my “preferred”model is unable to account
for every observed property of the disc of HD 163296, and it isprobable that a more
complex model - with non-constant flaring and variable dust properties with radius -
would be required to simultaneously fit the full set of observational data available for
this object.
The models described in Table 6.6 have disc dust masses in therang (7− 12)×
10−4M⊙, which is within the range of masses (5− 17)× 10−4M⊙ found in the literature
for HD 163296. This small spread in dust mass from my fitting efforts is unsurprising
given the fixed disc size and constant grain composition.
6.5.2 Gas properties
The predicted line fluxes for the various models are given in Table 6.8. I have ignored
the [Cii] 158µm result during the model-fitting process, due to systematicuncertainties
arising from strong emission at the offset positions.
The observed line profiles for the12CO J=3-2, 12CO J=2-1 and 13CO J=1-0
transitions [Isella et al., 2007] are plotted with the prefered model profiles in Fig. 6.6.
The observed profiles are double-peaked, consistent with a disc in Keplerian rotation.
The CO 3-2 line is observed to be brighter than predicted by the model. This behaviour
is repeated across the three exponentially-tapered models, but i less pronounced in the
power-law model, whose flat surface density profile gives a larger CO 3-2 flux. Discs
with flatter density profiles allow stellar radiation to penetrate deeper into the inner
disc, resulting in a slight increase in temperature throught the disc, including its
outer regions. This leads to brighter CO 3-2 lines since thistransition is optically
thick in all of my models, and is largely dependent on the discouter radius (which is
fixed) and the outer disc temperature at intermediate height(see Fig. 6.8). The CO 2-1
line also follows this behaviour, with the line flux ratio in the models staying roughly
constant at a value of CO 3-2/1-0∼3, as expected for lines formed under optically thick




Table 6.8: Integrated line fluxes for the transitions observed by PACS, and additional CO and H2 lines, as predicted by the models
listed in Table 6.6. Observed fluxes for comparison. Fluxes in [10−18 W/m2]. Errors are a quadratic sum of the calibration error
(20% for the interferometric CO observations and 30% for thePACS observations) and the RMS continuum noise.
Species λ [µm] ν [GHz] “low UV” model “high UV” model Fully mixed model Power-law Observed Flux
OI 63.18 4745.05 200.6 222.0 191.4 170.3 193.1 (58.2)
OI 145.52 2060.15 6.29 7.33 5.39 4.59 < 8.5
CII 157.74 1900.55 8.32 8.40 11.2 9.98 –
p-H2O 322→ 211 89.99 3331.40 1.22 1.68 1.20 0.353 < 9.4
o-H2O 212→ 101 179.52 1669.97 4.40 4.19 2.43 3.94 < 14.5
o-H2O 221→ 212 180.49 1661.64 0.847 0.993 0.618 0.243 < 16.2
o-H2O 432→ 312 78.74 3810.01 2.33 2.94 2.20 0.840 < 15.0
o-H2 S(1) 17.03 17603.78 1.15 1.59 1.15 0.572 < 28
OH 79.11 3792.19 4.59 6.31 5.40 2.71 < 17.0
OH 79.18 3788.84 4.78 6.54 5.59 2.82 < 17.0
CO J=36-35 72.85 4115.20 0.335 0.489 0.423 0.132 < 11.6
CO J=33-32 79.36 3777.63 0.497 0.704 0.578 0.197 < 22.8
CO J=29-28 90.16 3325.12 0.763 1.03 0.732 0.311 < 11.1
CO J=18-17 144.78 2070.68 1.91 2.31 1.49 0.851 < 13.1
CO J=3-2 866.96 345.80 1.26 1.27 1.22 1.49 1.65 (0.39)
CO J=2-1 1300.40 230.54 0.401 0.401 0.397 0.464 0.379 (0.118)




CO 3-2/2-1 = 4.3. Recent observations of this object give a peak intensity of 25 Jy
for the 3-2 line [Hughes et al., 2011]5, compared with 43 Jy in the Isella et al. [2007]
data and the 30 Jy predicted by my preferred model. The predicted flux is within the
calibration error margin for both observations, but fittingto the lower value would in
general tend to lead to power-law models with steeper density profiles, in contrast to the
flat power-law profile I obtain from fitting to the brighter observation. Another factor
driving the power-law models to flat density profiles is the ovrprediction in near-IR
continuum emission by my models. The inner radius is fixed in accordance with high
resolution imaging, and so the power-law models tend to reduc their near-IR emission
by removing material from the inner disc, giving a better fit to he photometry.
PAHs are one of the main sources of gas heating in the disc, as UV photons cause
them to emit excited electrons via the photoelectric effect, which thermalise in the
gas. For the purposes of the modelling I consider a typical size of PAH molecule
(circumcoronene,NC = 54 carbon atoms andNH = 18 hydrogen atoms) and include
PAH−, PAH, PAH+, PAH2+ and PAH3+ as additional species in the chemical network
(see Woitke et al. [2010] for further details). The fractional PAH abundance,fPAH,
is defined relative to the standard ISM particle abundance with respect to hydrogen




. Small fPAH values (0.007-0.04 relative to ISM abundances) are required
in my models in order to fit the observed line data. This is consistent with the findings
of Geers et al. [2006], who require PAH abundancesfPAH < 0.1 in order to fit the
observed PAH emission from Herbig discs. PAH emission was not observed in HD
163296 by Acke et al. [2010], and we have used the Monte Carlo rdiative transfer
code Mcfost [Pinte et al., 2006] to check that our results are consistentwith this
non-detection. A disc model with parameters and PAH abundance identical to the
preferred model gives an infrared spectrum in which no PAH emission is seen. This
is due in part to the low flaring in the disc,β = 1.066, and the large fraction of small
dust grains in the disc, with significant opacity in the optical-UV range over which
PAH molecules absorb. This results in the PAHs being “hidden” from direct stellar
illumination, absorbing a fraction∼ 10−4 of the energy absorbed by the disc. In the
preferred model 0.3% of the total carbon mass is tied up in PAHmolecules.
The total hydrogen number density and gas temperature within the disc are plotted
5This CO 3-2 data also seems to indicate the presence of turbulence of order 0.3 km/s in the disc of



























































































Figure 6.7: The total hydrogen number density (left panel) and gas temperature (right
panel) are plotted for a vertical cross-section through thepreferred disc model (column
3 in Table 6.6). Dashed lines indicate contours of gas temperature and visual extinction
AV, as marked.
in Fig. 6.7, and the spatial origin of the various emission lines is visualised in Fig. 6.8.
These plots all refer to the “preferred” disc model, i.e. onein which no dust settling
is present. The CO J=3-2 and [Oi] 63µm lines are optically thick throughout the disc,
and cannot be used alone to trace the gas mass. Even the13CO line is optically thick
throughout much of the disc, only becoming optically thin outside of∼ 400 AU. Also,
there is evidence that this line (and most others) can be affected by the degree of dust
settling in the disc (see Section 6.5.2). The [CII] 157.74µm line is optically thin, but
traces only the warm ionised gas in the disc surface. Clearlyc re must be taken when
attempting to use individual emission lines as a tracer of gas m ss. Note the contrast
in disc radii at which line and continuum become optically thin in the case of CO 3-2,
reflecting the conflicting derived radii for the gas and dust di cs in HD 163296. The
line optical depths in Fig. 6.8 were computed using an escapeprobability formalism,
and do not take into account the effects of Keplerian shear in the disc.
As well as optical depth effects, disc gas mass estimates from CO emission alone
can be affected by the extent of CO freeze-out on grain surfaces. ProDiMo calculates
the grain adsorption and desorption as part of the solution of the chemical network,
and the spatial abundances of gas-phase and ice CO in my best-fit model are plotted in















































































































































































































































































































Figure 6.8:Spatial origin of the various gas emission lines in the prefer d model (column 3 in Table 6.6). From top-left
clockwise: CO J=3-2, CO J=18-17, [CII] 157.74µm, o-H2 S(1) (with redTg contours), [OI] 63.18µm, 13CO J=1-0. In each panel,
the upper plot shows the line optical depth as a function of radius (blue line) and the continuum optical depth at the corresponding
wavelength (black line). The middle plot shows the cumulative contribution to the total line flux with increasing radius. The
lower plot shows the gas species number density, and the black line marks the cells that contribute the most to the line fluxin their
vertical column. The two vertical dashed lines indicate 15%and 85% of the radially cumulative face-on line flux respectiv ly, i.e.






















































































Figure 6.9: CO abundances in the preferred model (column 3 inTable 6.6). Left
panel: gas-phase CO abundances. White and blue dashed linesplot the gas and dust
temperature contours respectively. Right panel: CO ice abundance.
mass is 4.32× 10−5M⊙. One would expect a smaller fraction of CO to be frozen out on
grain surfaces in discs with flatter density profiles, due to weaker dust shielding in the
inner disc leading to warmer temperatures throughout the disc, and less CO freeze-out.
The derived chemical abundances and gas properties in my preferred model have
been checked by re-computing the chemistry using a time-depndant solver, and
comparing the results to those obtained with the assumptionof kinetic equilibrium.
I assume molecular cloud initial abundances, and after running the solver for 4 Myr
there is no major departure from the equilibrium chemistry.The biggest change in
line flux is a reduction of 20% in the 180.4µm water line, while the [Oi] 63µm line
decreases by 4% and the CO lines by< 1%. The assumption of a constant13CO/12CO
ratio is also valid since dust shielding dominates over CO self-shielding in the models,
with negligible change to the results when CO self-shielding is swtiched off, suggesting
that no fractionation effect would be present in this disc.
All of the disc models considered are passive discs, i.e. theviscous “α” heating
parameter is set to zero. This is not strictly consistent with the presence of accreting gas
in this object, since this implies some form of viscosity to transport angular momentum
through the disc. However, viscous heating is likely to be unimportant in the case of
Herbig Ae discs such as this, which are thought to be dominated by radiative heating
by the central star [D’Alessio et al., 1998].
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Table 6.9: Effects of UV variability. Comparison between the preferred model, and an
identical model illuminated by an input spectrum typical ofa “high UV” state for this
object. Shown are total species masses, average overall CO temperature, average CO
temperature for the warm gas regions in the inner disc, and line fluxes.LUV refers to
the energy emitted in the wavelength range 912-2500 Å.
Best-fit model Test model (high UV)
LUV/L⋆ 0.097 0.155
MH 2.67× 10−5M⊙ 2.82× 10−5M⊙
MC+ 8.67× 10−8M⊙ 9.42× 10−8M⊙
MCO 1.54× 10−5M⊙ 1.66× 10−5M⊙
〈TCO〉 55.3 K 55.0 K
〈TCO〉 (z/R>0.2, R<20 AU) 262.8 K 332.6 K
F[OI] 63µm 1.91× 10−16W m−2 2.49× 10−16W m−2
F[CII] 58 µm 1.12× 10−17W m−2 1.41× 10−17W m−2
FCO 3−2 1.22× 10−18W m−2 1.31× 10−18W m−2
FCO 36−35 4.23× 10−19W m−2 6.22× 10−19W m−2
Effect of UV variability
I have investigated the eff cts of UV variability on the gas in the disc in two ways.
Firstly, by computing a test model with parameters identical o my “preferred” model,
but with the high UV state spectrum used as input. This isolates the effect of increasing
the UV intensity on the line emission, since all other model parameters remain the
same. The results of this test are summarised in Table 6.9. The second approach
consists of a separate evolutionary run of models using the high UV state as input, and
has been covered in Section 6.5. This method allows me to assess how the disc model
parameters change in order to fit the same line data with an increased UV intensity (see
Table 6.6). By examining firstly the physical eff ct of the UV on the gas in the disc,
and secondly the effect of the UV on the model parameter fit, it is possible to estima e
the degree of uncertainty introduced by UV variability in this object.
An increased UV strength affects the gas chemistry by promoting photochemical
reactions, and the photodissociation of H2 and CO. It also leads to increased desorption
of ice species from grain surfaces in regions where the UV is able to penetrate. It also
strongly affects the gas heating, via the photoelectric effect in dust grains and PAHs.
The “high UV” input spectrum represents a 60% increase in UV intensity over
the low UV input. Table 6.9 summarises the effects of this increase on the gas in the
preferred model. There is a slight overall increase in the disc gas temperature, and
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an increase in the atomic hydrogen and C+ masses, due to photoelectric effects and
PAH heating, and increased photodissociation of gas molecules. The total gas-phase
CO mass actually increases slightly, since the increased rat of photodissociation is
balanced by an increase in the rate of ice desorption. The J=36-35 line in particular
sees the biggest increase in flux,∼ 50%. By considering only the gas in the warm layers
of the inner disc, where the high J CO lines form, it can be seenthat this increase
in line flux is caused by a substantial increase in the gas temperature in this region.
The [Oi] 63µm flux increases by∼ 30%, roughly equal to the calibration uncertainty
margin, and the low J CO lines increase by∼ 5%. All non-detected lines stay within
the observed upper limits. In summary, it would not be possible to distinguish between
the high and low UV states from these disc observations, since all fluxes are within the
observational error margins. The general influence of the UVintensity on the disc gas
is discussed by Woitke et al. [2010], in the context of a largegrid of models.
The derived parameters for the evolutionary run using the “high UV” spectrum as
input are listed in Table 6.6. They are largely similar to those derived from the low
UV run (columns 2 c.f. 1), as would be expected from the small fr ctional change in
UV intensity. The slight decrease in gas mass and flaring willtend to counteract any
increase in line emission. The PAH fractional abundance decreases slightly as might
be expected. The main change lies in the grain size distribution, with a reduction in the
minimum grain size. This makes it harder for the UV to penetrat the disc, balancing
the increase in UV intensity. This also produces even more continuum emission in the
near-IR, worsening the SED fit still further in comparison tothe “low UV” model.
Effects of dust settling
The effect of dust settling on various line fluxes can be seen in Fig. 6.10. This shows
the increase in line flux across the various transitions as smaller and smaller grains
are allowed to settle towards the midplane. The models are otherwise identical to the
preferred (fully mixed) model, but with a settling parameter of 0.5. The models run
from strongly settled discs through to entirely well-mixed, i.e. identical to the preferred
model. For the purposes of this exercise I have computed someextra line fluxes in
addition to those observed in HD 163296, namely the12CO 6-5 and 1-0 transitions, the
13CO 3-2 transition, and the o-H2O 538.3µm transition.
Kamp et al. [2011] computed a large grid of disc models using ProDiMo, in tandem
with Mcfost [Pinte et al., 2006] (see Chapter 4). This study noted a trendof increasing
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Figure 6.10: The fractional enhancement in line flux is plotted against the minimum
grain size affected by dust settling, relative to the preferred (fully mixed) model (as=
amax). All models have a settling parameter of 0.5. Top panel: CO lines; Middle panel:
water lines; Lower panel: [Oi]63µm, [Cii]158µm, OH 79.11µm and H2 S(1) lines.
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disc dust temperature with settling, due to a combination ofreduced emissivity at long
wavelengths in the disc surface, and increased illuminatioof the dust as the stellar
radiation is able to penetrate further into the disc. My models of HD 163296 follow this
same behaviour, albeit with an accompanying increase in gastemperature. The effect
of dust settling on the gas and dust temperature contours in my models is demonstrated
in Fig. 6.11, where the chemical abundances of various chemical species are plotted.
The chemical structure is seen to “follow” the settled dust grains towards the midplane,
since the UV penetrates further into the disc, causing the characteristic layering of the
various gas species to move closer to the midplane. This is despite the gas scale heights
being identical in both models. In the settled models the warm gas in the disc resides
at lower heights where the gas density is higher, leading to ageneral brightening of the
emission lines. This seems to be a firm result for this object,with serious implications
for the derivation of a precise disc gas mass from the emission lines.
The brightening of the line fluxes seems to be a general resultfor all the transitions
considered. The exact behaviour of the various line fluxes with variable dust settling,
and the extent to which they are affected, depends on the height and radial position in
the disc from which they originate. This is well-illustrated by the CO lines in Fig. 6.10.
As the largest grains begin to settle, the13CO 1-0 line is the first to show an increase in
flux. This is due to an increase in thermal desorption of CO icefrom grain surfaces in
the outer disc midplane, which this line traces (see Fig. 6.8). This behaviour is echoed
in the other13CO line, the J=3-2 transition. In contrast, the12CO 3-2 line, which is
also formed in the outer disc, shows a smaller increase in flux. This is because this
line is optically thick, and formed higher in the disc where it remains unaffected by
the thermal desorption of ice in the midplane. The12CO 2-1 and 1-0 lines follow this
same behaviour (not plotted). As smaller grains begin to settle, the13CO lines increase
less rapidly than for the lines formed in the warm gas higher in the disc. This is most
pronounced in the high J CO lines, which form in the inner discwhere the temperature
and density gradients are more extreme, and the lines more sensitiv to the downwards
shift in chemical structure. The12CO 6-5 line forms at intermediate distance in the
disc, and this is reflected in the level of flux enhancement (Fig. 6.10; top panel).
The behaviour of the water lines (middle panel in Fig. 6.10) is less straightforward.
The o-H2O 179.5µm line shows a stronger increase in flux than both the 180.5µm line,
which is at higher excitation, and the 538.3µm line, which is at lower excitation. The
p-H2O 89.99µm and o-H2O 78.7µm lines are at higher excitation, forming in the inner
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disc, and these also show a large increase in flux as the dust grains settle. It is likely that
the relative behaviour of the various water lines is a complex function of the changing
temperature structure and H2O chemical abundance structure in the disc, affecting the
excitation of the various levels.
The largest increase in line flux occurs in the H2 S(1) transition (Fig. 6.10; lower
panel). The emission region for this line is seen to follow the 300K gas temperature
contour (see Fig. 6.8), which intersects a greater molecular hydrogen mass in the
settled models. This leads to a dramatic enhancement in flux in the strongly settled
models, a factor of∼ 30 increase on the fully mixed model. The [Oi] 63µm line also
starts to increase as the smallest grains are allowed to settle, coinciding with an increase
in atomic gas, but the enhancement is less extreme since thisline formed further out
in the disc (see Fig. 6.8). The OH 79.11µm line is formed at intermediate distance
between H2 S(1) and [Oi] 63µm, and its behaviour with increasing dust settling reflects
this. The [Cii] 158µm line is less strongly affected by settling. This line is formed in
a thin layer at the disc surface, with emission dominated by the outer disc, and so it is
less sensitive to changes in the internal disc temperature structure.
The settling of dust grains might be expected to drive line formation conditions
closer to LTE, with the various species residing lower in thedisc, in regions of higher
density, with more frequent collisions between particles.However, there is no evidence
for this in my models. The majority of lines show only minor departures from LTE,
in both settled and well-mixed models. The largest departure from the line fluxes
assuming LTE level populations occurs in the water lines, but the LTE line fluxes
increase at roughly the same rate as those computed using escape probability, so the
ratio FNLTE/FLTE remains roughly constant. The critical density for the water lines,
ncrit ∼ 108 − 1010cm−3. These densities are reached only in the inner disc in my
models, with each of the lines arising in regions withn < ncrit, even in the settled
models. The water line which is closest to LTE in the models isthe 538.3µm line,
which has the lowest level of excitation and the smallest critical density. In general, the
critical densities decrease rapidly at large optical depths, driving most of the transitions
towards LTE.
These results are in contrast to the findings of Jonkheid et al. [2007], who
find a trend of decreasing gas temperature and line emission as the dust grains
are allowed to settle towards the midplane. However, a direct comparison is not
appropriate, since their models assumed a simultaneous redction in the dust/gas
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ratio and PAH abundances with dust settling. The reduction in gas temperature can
largely be attributed then to the drop in photoelectric heating from dust grains and
PAH molecules. Jonkheid et al. [2007] also note that the dusttemperatures in their
models are high enough to prevent CO freeze-out, whereas considerable freeze-out is
present here. Meijerink et al. [2009] also predict an increase in line emission with dust
settling, from models in which the eff ct of settling is simulated by simply increasing
the global gas/dust ratio, as opposed to considering the vertical distribution of grains
in the disc.
My models indicate that the13CO 1-0 line flux can change by a factor∼ 2 in
strongly settled models. This is in a high mass disc for whichthe line is optically thick
throughout most of the disc, and so this settling flux enhancement might be expected
to be even stronger in a lower mass disc. In any case, variablegrain freeze-out would
seem to limit the ability of this line to trace the total disc gas mass. In general, the
effect of dust settling on the vertical thermal structure of thegas in discs is seen to
introduce new degeneracies when attempting to fit the disc parameters to the observed
line emission. While my preferred model fits the observed data wi h a well-mixed disc
with the canonical gas/dust ratio, I cannot rule out the possibility of a gas-depleted disc
in which dust settling gives an enhancement in the various line fluxes. Indeed, such a
disc with gas/dust∼ 20 allows a better fit to the line data and the observed 10 micron
silicate emission (column 1 in Table 6.6).
6.5.3 Effect of X-rays
It is currently unclear how important a role X-rays play in determining the gas
chemistry and temperature structure in discs. Aresu et al. [2011] studied the effects
of stellar X-ray emission on models of T Tauri discs computedwith ProDiMo. This
study found that while Coulomb heating by X-rays introducedan extended hot gas
surface layer to the discs, the [Oi] and [Cii] fine structure lines were only affected for
X-ray luminositiesLX > 1030 erg s−1. One would expect this to hold for the warmer
gas in Herbig discs, and Günther and Schmitt [2009] derive an X-ray luminosity of
LX =1029.6 erg s−1 for HD 163296, lower than but close to the threshold value notd by
Aresu et al. [2011] for T Tauri discs. HD 163296 represents aninteresting test case for
the influence of X-rays in Herbig discs.
I have computed a disc model with parameters identical to my preferred model, but


















































































































































































































Figure 6.11: Effect of dust settling on the disc chemical abundances. Left column
indicates abundances in a fully mixed model, and right column represents a strongly-
settled model with otherwise identical parameters. Top row: CO abundance with
dust (blue dashed lines) and gas (white dashed line) temperatur contours. Middle
row: H2 abundance with 300K gas temperature contour (black dashed line) and visual
extinction contour (white dashed line). Bottom row: H2O abundance. White dashed
lines indicateTgas contours enclosing “hot water” region, red dashed lines indicate
contours of UV field strength per hydrogen nucleus, log(χ/nH) as defined in Draine
and Bertoldi [1996], enclosing the cool water belt. 108
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set equal to the value ofLX =1029.6 erg s−1 observed by Günther and Schmitt [2009] for
HD 163296. The effect of this on the gas temperature is illustrated by Fig. 6.12(c.f.
Fig. 6.7). The X-ray heating processes produce an extended hot surface gas layer, as
noted by Aresu et al. [2011], with gas temperatures>5000K extending out to the outer
disc.
There is little discernible effect on the disc chemistry, with none of the chemical
species masses or predicted line fluxes changing by more thana few percent.In all
cases the effect of the additional X-rays is less than produced by switching to the “high
UV” input spectrum . I would therefore expect the UV to dominate the gas chemistry
in a Herbig disc of the sort considered here.
6.6 Summary and Conclusions
This chapter presents new observations of the far-IR lines of the Herbig Ae star HD
163296, obtained using Herschel/PACS as part of the GASPS open time key program.
These consist of a detection of the [Oi] 63.18µm line, as well as upper limits for
eight additional lines. I have supplemented these observations with additional line
and continuum data.
I have computed radiation thermo-chemical disc models using the disc code
ProDiMo, and employed an evolutionaryχ2-minimisation strategy to find the best
simultaneous model fit to the continuum and line data. The stellar parameters and
UV input spectrum for the modelling were determined throughdetailed analysis in the
UV, optical and near-infrared.
I obtain reasonable fits to the observed photometry, ISO-SWSspectrum, far-IR
line fluxes and millimetre CO profiles for a variety of discs, and note that parameter
degeneracies preclude the precise derivation of the disc properties. In particular, the
effects of dust settling on the vertical thermal structure of the gas in discs strongly
influence the line emission, placing further limits on the derivation of a disc gas mass
from the line data. I am able to fit the photometry and line datawi h a well-mixed disc
with gas/dust∼100, but an equally good fit is possible with a disc with gas/du t∼22, in
which dust settling is present. The main advantage of the settled model is that the fit to
the observed ISO-SWS spectrum is greatly improved, and it seem probable that some
degree of dust settling and gas-depletion is present in the disc. These discs have a radial
surface density profile as derived by Hughes et al. [2008b], with an exponentially-
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Figure 6.12: Gas temperature structure for the preferred model (column 3 in Table 6.6),
irradiated by an additional X-ray spectral component withLX = 1029.6 erg s−1, as
observed by Günther and Schmitt [2009] in HD 163296. This isin comparison to
the right hand panel of Fig. 6.7, in which no X-ray spectral comp nent is present.
tapered outer edge.
A model fit to the same data with power-law radial density profile gives a gas/dust
ratio of∼ 9. This power-law model gives the best fit to the observed SED data, although
it does very badly when it comes to fitting the radial intensity distribution of the
resolved millimetre continuum. This is due to the flat density power index required
to fit the SED and the observed CO 3-2 emission, and presents a challenge for future
modelling efforts.
The emitted line fluxes are in general sensitive to the degreeof dust settling in the
disc. This is a firm result in my models, and has serious implications for attempts to
derive the disc gas mass and other properties from line observations. This settling flux
enhancement arises from changes to the vertical temperaturnd chemical structure,
as settled dust grains allow stellar UV to penetrate deeper into the disc. The effect is
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strongest in lines which are formed in the warm gas in the inner disc (e.g. a factor∼ 30
increase in the H2 S(1) line), but the low excitation molecular lines are also affected,
e.g. a factor∼ 2 increase in the13CO 1-0 line.
I explore the effects of the observed UV variability in this object on the gas
chemistry in my models, and conclude that this effect is not large enough to affect
the observable line fluxes beyond the current range of instrumental uncertainty.
I also examine the effect of X-rays on the gas chemistry of the models, and find
that while X-rays present a significant source of gas-heating in the disc surface layers,
the observed X-ray luminosity ofLX =1029.6 erg s−1 does not significantly alter the gas
chemistry or line emission. Any eff cts are smaller than those expected as a result of
the observed UV variability in this object.
It is difficult to reach any firm conclusions regarding the evolutionary state of the
disc of HD 163296. There is some evidence to suggest that the disc is gas-depleted.
This is in contrast to the result found for the Herbig Ae star HD 169142 by Meeus
et al. [2010], where despite indications that the disc is transitional, it was found to be
gas-rich. I note that there are uncertainties associated with my gas/dust values arising
from uncertainties in the disc dust composition, and the associated opacity law. This
is reflected by the factor of∼ 3 spread in the range of derived dust masses found in
the literature for this object [Natta et al., 2004, Tannirkulam et al., 2008a, Mannings
and Sargent, 1997, Isella et al., 2007]. All of my derived dust masses are within the
range (5− 17)× 10−4M⊙ from the literature. I also note the restrictions placed on my
conclusions by the assumption of constant dust grain properties throughout the disc,
and it has been suggested that the dust properties in discs should in general be variable
with radius [Birnstiel et al., 2010, Guilloteau et al., 2011].
It would appear that the modelling of HD 163296 is a far from straightforward
task, and it is difficult to fit it into the standard evolutionary picture developed over the
past decade, where an initially gas-rich, strongly flaring disc gradually accretes its gas,
leading to a gas-depleted non-flaring disc in which accretion has stopped. I am unable
to find a single disc model which fits perfectly the entire wealth of observational data
for this object. As well as the gas/dust ratio, there is uncertainty regarding the disc
flaring, which itself is strongly tied in to the disc gas heating and line emission, as well
as being indicative of the disc’s evolutionary state. Evidence of in-falling material and
the presence of a bipolar outflow in HD 163296 seem to indicateth t the star is actively
accreting material, typical of a young object with a gas-rich disc. However, it has been
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suggested that the observed disc geometry and flaring could indicate a star at a later
stage of its evolution. This would be consistent with the evid nce for grain growth
from my modelling, with all the models requiring large grains to fit the observations.
There is also possible further evidence for particle growthfrom high resolution optical
spectra of this object. This is consistent with possible evid nce for dust settling and
gas-depletion from this study, but is hard to reconcile withevidence for substantial




Atomic Hydrogen Modelling in
ProDiMo
In this chapter I discuss developing work in which I explore th effects of modifying
ProDiMo to include the bound-bound and bound-free transitions of atomic hydrogen.
These modifications are outlined in Section 3.6.
7.1 Introduction
Hydrogen emission has been observed from a number of objectsb lieved to have
a circumstellar disc. Classical Be stars are B type stars which exhibit Balmer line
emission, in which the hydrogen atom decays to the principalqu ntum numbern= 2
level from a higher excitation level. It was suggested by Struve [1931] that the observed
range of Hα line profiles could be explained by hydrogen recombination in a flattened
disc. In addition, Be stars often exhibit a strong infra-redexcess, typical of objects with
a circumstellar disc, and the net (continuum) linear polarisation observed in Be stars
can be explained by electron scattering from non-sphericalc rcumstellar gas [Coyne
and Kruszewski, 1969].
Sigut and Jones [2007] compared the observed Hα emission from the classical Be
starγ-Cassiopeiae with that predicted by a circumstellar disc model. This utilised a
pure gas disc with solar composition, with heating and cooling provided by a selection
of atomic and ionic species, through both bound-bound and cotinuum transitions. The
total Hα cooling rate was found to be consistent with observations. The disc thermal
structure was compared with that in a pure hydrogen disc [Millar and Marlborough,
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1998], and the results were found to depend largely on the assumed disc density. At
low density, the solar composition discs were cooler on averag than pure hydrogen
discs, which was attributed to additional collisionally-excited line cooling from the
heavy elements. At higher densities however, this was offset by the additional bound-
free continuum absorption from these elements, leading to similar disc-averaged
temperatures in both the solar composition and pure hydrogen cases.
B[e] objects are a subset of Be stars which exhibit forbiddenemission lines (e.g.
those of Fe, O, N), in addition to Balmer emission and a stronginfra-red excess. There
is often confusion regarding the precise evolutionary state of such objects [Israelian
et al., 1996].
In the following I use the B[e] star HD 45677 as a case study to explore the effects
of introducing the bound-bound and bound-free hydrogen trasitions to ProDiMo.
First though, I return to my previous model of the Herbig Ae object HD 163296.
7.2 HD 163296 Model
In order to assess the impact of the new hydrogen transitionson a familiar model, I
have used a model of the disc around the Herbig Ae star HD 163296 as a basis for my
tests. This object was the subject of my model-fitting efforts in Chapter 6, and I use
the parameters from the “preferred” well-fitting model in that study, listed in column 3
of Table 6.6.
Figure 7.1 illustrates the eff ct on the gas temperature of introducing the hydrogen
transitions to the model. There is a net heating effect, concentrated largely in the
inner disc in the already hot gas, leading to gas temperatures ∼ 20000 K. This can
largely be attributed to photoionisation heating, and the heating effect is vastly reduced
when the extreme ultra-violet (EUV;λ < 91.2 nm) intensity is set to zero. In this
case it is no longer possible for the stellar UV to ionise hydrogen in the ground
state, instead requiring some degree of prior excitation. The gas temperature without
EUV irradiation is largely unchanged from the model withoutthe detailed hydrogen
treatment, with just a small heating eff ct in the disc surface, where there is some
degree of hydrogen excitation.
Figure 7.2 illustrates the large ionisation cross-sectionpresented by the hydrogen
in the EUV wavelength region (to the right of the n=1 absorption edge in this plot),
and removing this EUV radiation reduces the degree of ionisation accordingly (see
114











































































































































Figure 7.1: Gas temperature structure in the disc of HD 16329. Top panel: gas
temperature in the absence of Hi bound-bound and bound free transitions. Middle
panel: including Hi transitions. Bottom panel: including Hi transitions, but with the
EUV spectral intensity set equal to zero, i.e.Jλ=0 for λ <91.2 nm.
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Figure 7.2: Photoionisation cross-sections for neutral hydrogen, assuming LTE level
populations at 15000K. Cross-sectionsσ are per hydrogen atom. Absorption edges are































Figure 7.3: Hi abundances in the HD 163296 disc model. Left panel: input spectrum
including non-zero EUV intensity. Right panel: EUV intensity set to zero.
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Table 7.1: Hi and Hiimasses and mass-averaged Hi temperature in the HD 163296 disc
model, with both zero and non-zero EUV intensity.
MHI MHII 〈THI〉
JEUV=0 2.3× 10−5M⊙ 1.8× 10−7M⊙ 64 K
JEUV,0 7.8× 10−6M⊙ 1.7× 10−5M⊙ 1037 K
Figure 7.3 and Table 7.2). In the absence of EUV the hydrogen is almost entirely
neutral, with< 1% of the disc hydrogen mass consisting of ionised gas. The mass-
averaged hydrogen temperature is also strongly weighted infavour of the cold gas in
the outer disc. With EUV irradiation, the ionisation mass fraction increases to∼ 70%,
and the remaining Hi resides in the hot gas in the upper disc layers, giving a hydrogen
temperature∼ 1000 K.
7.3 HD 45677 Model
In addition to the existing HD 163296 disc model, I have used the B[e] star HD
45677 to further assess the impact of my modifications. The ISO-SWS spectrum for
this object contains a number of Brackett and Pfund emissionlines, allowing us to
compare the model with observational data. Also, the increased stellar luminosity and
temperature in comparison to HD 163296 provide a contrasting d sc environment in
which to study the hydrogen transitions.
The model parameters are listed in Table 7.2. They were derived from a fit to the
observed SED performed by Wing-Fai Thi. The disc is assumed to have a gas/dust
ratio of 100. The disc structure is solved fully self-consistently over several “global”
iterations, as was the case in Chapter 4 (but not Chapters 5 & 6).
The gas density and temperature structure are shown in Figure 7.4. The observed
SED is fit by a relatively low mass disc, with lower densities than the HD 163296 model
(c.f. Figure 6.7). This, coupled with strong irradiation bythe central star, leads to gas
temperatures∼ 5000 K throughout the entire disc. This result also largely holds in the
absence of the detailed hydrogen treatment, although with slig tly lower temperature
in the upper surface layers.
The self-consistent structure determination leads to a disc which is puffed-up to an
enormous height, with the scale heightH∼Routwards of∼ 20 AU. The model contains
hardly any H2, and instead exhibits a smooth linear transition from Hi abundances∼ 1
at smallz through to Hii abundances∼ 1 in the upper disc (see Figure 7.5). The nature
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Table 7.2: Parameters of the HD 45677 model.
Quantity Symbol Value
stellar mass M⋆ 10.4 M⊙
effective temperature Teff 21850 K
stellar luminosity L⋆ 7310L⊙
disc mass Mdisc 1.0× 10−3
inner disc radius Rin 4.4 AU(1)
outer disc radius Rout 200 AU
radial column density power index ǫ 1.0
dust-to-gas mass ratio ρd/ρ 0.01
minimum dust particle radius amin 1.5µm
maximum dust particle radius amax 1000µm
dust size distribution power index apow 3.5
dust material mass density ρgr 3.5 g cm−3
strength of incident ISM UV χISM 1
cosmic ray ionization rate of H2 ζCR 1.7× 10−17 s−1
abundance of PAHs relative to ISM fPAH 0.1




































Figure 7.4: Total hydrogen nuclei density (left panel) and gas temperature (right panel)
in a model of the disc surrounding HD 45677.
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Figure 7.5: Hi (left panel) and Hii (right panel) abundances in the HD 45677 disc
model.
of the hydrogen cooling across this transition can be seen inFigure 7.6, which plots
several bound-bound and bound-free cooling rates as a fraction of the total radiative
hydrogen cooling rate for a vertical slice through the disc.The cooling is dominated
by the Lyman-continuum recombination cooling, and to a lesser extent by Lyman-α
cooling. The Lyman-α cooling rate increases in the tenuous disc surface layers, to
the detriment of the continuum cooling, but drops off steeply in the high density disc
midplane. Generally the bound-free continuum cooling dominates in the high density
regions, at lowz, while the bound-bound cooling takes over at the disc surface. This is
due to the increasing optical depth in the hydrogen lines with increasing gas density.
The Hα line (n=3-2) is less strongly affected by optical depth effects since it doesn’t
involve the ground state. The Hα cooling therefore drops off less rapidly than Lyman-
α and Lyman-β at smallz, and there is a peak in emission at aroundz =5-10 AU
corresponding to a warm region with higher excitation of then=3 level.
7.3.1 Comparison with observations
Figure 7.7 plots the observed ISO-SWS spectrum of HD 45677. The Brackett series
5-4 and 6-4 lines, and the Pfund series 6-5, 7-5 and 8-5 lines are clearly visible. The
higher level Pfund series lines, and the Humphreys series (n=6), which also occur in
this wavelength range, are not observed. The observed linesare all several orders of
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Figure 7.6: Neutral hydrogen cooling rates, as a fraction ofthe total radiative hydrogen
cooling rate, for a vertical disc cross-section at a radius of 10 AU.
Table 7.3: Predicted hydrogen line fluxes from three disc models. The first has
gas/dust= 100 and EUV intensity set to zero. The second is the same but with non-zero
EUV. The third has non-zero EUV and gas/dust= 1000. The observed fluxes from the
ISO-SWS spectrum are also given. All fluxes in W/m2.
Line u l λ [mic] g/d=100,EUV=0 g/d=100,EUV,0 g/d=1000,EUV,0 Obs. flux
Br-α 5 4 4.05 1.3× 10−14 1.7× 10−12 2.9× 10−12 8.7× 10−7
Br-β 6 4 2.62 1.0× 10−14 3.0× 10−12 7.1× 10−12 1.0× 10−6
Pf-α 6 5 7.46 2.0× 10−15 5.2× 10−13 9.6× 10−13 5.2× 10−7
Pf-β 7 5 4.65 2.0× 10−15 1.5× 10−12 3.2× 10−12 6.7× 10−7
Pf-γ 8 5 3.74 1.5× 10−15 1.5× 10−12 4.0× 10−12 2.0× 10−7
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Figure 7.7: Partial ISO-SWS spectrum for HD 45677. Marked with arrows are the
hydrogen emission lines: the Brackett series lines n=5-4 at 4.05µm and n=6-4 at
2.62µm and the Pfund series lines n=6-5 (7.46µm), n=7-5 (4.65µm) and n=8-5
(3.74µm).
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magnitude brighter than predicted by the models, and so it isclear that this preliminary
modelling approach is unable to constrain the disc properties at present.
Introducing stellar EUV to the models leads to an increase inline flux by ∼ 2-3
orders of magnitude, with the higher excitation lines showing the largest increase. This
can be attributed to the higher excitation lines being more sensitive to the increase
in gas temperature caused by adding the EUV spectral component. Increasing the
gas/dust ratio of the EUV-irradiated models then leads to a further brightening of the
lines by a factor∼ 2, with the enhancement factor again increasing slightly with line
excitation. This behaviour is consistent with the lines being optically thick, with a
factor of 10 increase in gas mass leading to a factor∼ 2 increase in flux. It also suggests
that the line optical depth decreases with increasing line excitation.
HD 45677 is a poorly understood object, with uncertainty rega ding both its
evolutionary state and its physical structure. Analysis ofoptical forbidden emission
lines led Swings [1973] to suggest that HD 45677 is in fact a young post-main-
sequence object surrounded by a dust shell. Grady et al. [1993] claimed that the IUE
spectrum and IR excess of this object could be explained by a massive HAeBe star
with an actively accreting protoplanetary disc, whereas the p otometric observations
of de Winter and van den Ancker [1997] led them to claim that HD45677 is a main
sequence star. This is in agreement with the findings of Israelian t al. [1996] from
observations of the Balmer lines and the lines of Hei and Siii. These two studies also
agreed that the observations are best-explained by the presnc of a circumstellar disc
seen edge-on, whereas the presence of single-peaked Feii and Crii emission lines led
Muratorio et al. [2006] to claim that the disc is in fact viewed almost face-on. There is
also a large degree of spectral variability [de Winter and van den Ancker, 1997], and
evidence for a wind [Israelian et al., 1996].
It is clearly a great challenge to attempt to fit the observed infra-red hydrogen lines,
especially if this were combined with other observational data seemingly arising from
a disc. It seems unlikely that this will be possible using thecurrent model of a single
continuous disc, with constant dust and gas properties withradius. One approach
might be to include a separate gas disc inwards of the dust inner radius, in order to fit
the broad observed emission lines (FWHM∼ 300 km/s) while still being in agreement
with the observed dust SED. This would also be consistent with the picture of a disc
which is actively accreting gas, with potential for a pure gas disc inwards of the dust
sublimation radius.
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7.4 Summary and Conclusions
I have used the Herbig Ae object HD 163296 and the B[e] object HD 45677 as case
studies with which to assess the effects of introducing the bound-bound and bound-
free transitions of atomic hydrogen to ProDiMo. The results are found to be strongly
dependent on the EUV intensity, with a net heating effect which is strongly reduced
in the absence of the spectral EUV component. This presents achallenge for future
modelling efforts, since it is unclear to what extent the stellar EUV should be expected
to irradiate the disc gas. Absorption by intermediate circumstellar material would
strongly attenuate the EUV intensity, and so care must be takn when attempting to
model the disc hydrogen emission.
Self-consistent models of HD 45677 lead to vertically extended discs with hot gas
(∼ 5000 K) throughout, with very little H2 present. The hydrogen cooling is dominated
by the Lyman-α line and Lyman-continuum, with the line emission dominant in he
tenuous surface layers, and the continuum taking over at higher densities, where the
lines are optically thick.
The Brackett and Pfund series line fluxes predicted by the models are several orders
of magnitude lower than observed in the ISO-SWS spectrum of HD 45677. The
behaviour of the lines with increasing disc gas mass indicates that they are optically
thick, with the lower excitation lines showing the greatestdegree of saturation with
increasing gas mass. It seems unlikely that a continuous disc model such as this will
be able to fit simultaneously the observed SED and infra-red hydrogen lines, and I
suggest that further tests involving multiple zones (e.g. an inner gas disc) would be an




Protoplanetary discs are key to our understanding of planetformation. It is of great
interest to the astronomical community to be able to use observational data to infer the
disc properties. In particular, knowing the amount of gas present in discs at different
stages in their evolution allows us to constrain and distinguish between different
models of planet formation. Also, the thermal and chemical structure in the disc dictate
the conditions in the planets which eventually arise from its gas and dust.
There are a wealth of observational data which allow us to study discs, from young
gas-rich discs to debris discs, in which the gas has been usedup by planet formation,
gradually photoevaporated away by the intense stellar radiation, or accreted on to the
central star. The Herschel Space Observatory has allowed usto study the disc gas with
greater sensitivity than ever. The far-infrared emission lnes which Herschel traces
provide a powerful analytical tool, allowing us to break degeneracies between existing
dust continuum and millimetre CO observations. This relieshowever on detailed
modelling of the disc thermal and chemical structure, in order to predict the observed
line emission, and compare this with Herschel and other data.
I have used the radiation thermo-chemical disc code ProDiMo to explore the extent
to which observations are able to constrain the disc properties. This has involved a
number of different approaches, from seeking general statistical trendsacross a large
sample of disc models, to focussing on the specific physical processes at work in
individual objects. This body of work is consistent, however, in its aim to assess the
power of observations, coupled with modelling, in piecing to ether the disc jigsaw
puzzle.
The first stage in this process is to compute a limited series of Herbig Ae disc
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models with increasing mass, in order to study the origin anddiagnostic value of the
gas line tracers [Cii], [O i] and CO. The Monte-Carlo radiative transfer code Ratran
is used to compute line profiles and integrated emission fromvarious gas lines. This
line emission is compared with that computed using an escapeprobability formalism,
and with the assumption of LTE level populations. The [Cii] 157.7µm line is found
to originate in the disc surface layer, where gas and dust temperatures are decoupled.
The total line strength is dominated by emission from the disc outer radius, and so the
157.7µm line probes mainly the disc extension and outer disc gas temperature. The
line forms in LTE. The [Oi] lines are also found to originate in the disc surface layer,
albeit somewhat deeper than the [Cii] line. The main contribution to the [Oi] emission
comes from radii between 30 and 100 AU. The [Oi] lines form partially under non-
LTE conditions. Differences in line emission from escape probability and Monte Carlo
techniques are smaller than 10%.
The CO sub-mm lines in the models are found to be optically thick down to very
low disc masses of< 10−4 M⊙. These lines are formed mostly in LTE. The assumption
of thermal gas-dust coupling such thatTgas = Tdust, is not a valid approximation for
these lines. Differences in line emission from escape probability and Monte Carlo
techniques are smaller than 3%, except in the case of very optically thin disc models
(10−5 and 10−6 M⊙).
The [Oi] 63/145 µm and [Oi] 63/[C ii] 158 µm line ratios trace disc mass in the
regime between 10−2 and 10−6 M⊙. Since the [Cii] 158 µm line is very sensitive to
the outer disc radius, the [Oi] 63/[C ii] 158 µm is degenerate in that respect and its
use requires additional constraints from ancilliary gas and/or dust observations. The
sensitivity of these two line ratios to the dust grain sizes underlines the importance of
using SED constraints along with the gas modelling to mitigate the uncertainty of dust
properties. A combination of the [Oi] 63/145µm and [Oi] 63/[C ii] 158µm line ratios
can be used to reduce the degeneracy caused by an unknown outer disc radius.
The CO lines are not found to be a good gas tracer; neither the to al CO sub-mm
line fluxes nor line ratios can be used to measure the disc mass. However, these low
rotational CO lines provide an excellent tool to measure thedisc outer radius, and can
thus help to break the degeneracy between gas mass and outer radius found for the
[O i] 63/[C ii] 158µm line ratio.
Following on from this small-scale study, varying the gas mass incrementally along
a series of models, this approach has been expanded to a huge multi-di ensional
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analysis. A grid of∼ 300000 models has been computed, spanning parameter space,
in order to seek trends across the various models, and compare the model predictions
with the findings of a large survey of the gas in circumstellardiscs. I have acted as
the main developer ofxDENT, a graphical user interface for analysing and plotting the
huge quantity of grid data, and for fitting the model data to observations.
In addition to its use as an analytical and interpretive tool, xDENT has been
used to produce figures for a number of publications concerning the model grid
data. The principle aim of these studies is to seek parameterd pendencies, so as
to invert these dependencies and infer the disc properties from observations. The
calculated line emission is found to be strongly dependent on the assumed stellar UV
excess and disc flaring, as well as other less general dependencies. The grid results
highlight considerable parameter degeneracies, meaning that care must be taken when
attempting to interpret line observations and invert them into physical parameters. It is
necessary to combine the far-IR line observations with withother line and continuum
data, in order to break these degeneracies, and it is this strategy which I follow during
the next phase of my work.
Having reached the practical limit of the statistical approach followed thus far, with
computational and model constraints preventing the grid analysis from being extended
much further, I instead move on to focus on modelling the discof a single object. By
carrying out detailed model fitting to a large number of observational data from an
individual target, my aim has been to derive the disc properties, with a hope that such
a detailed approach will yield some further understanding of the physical processes
driving the observable trends that we see. For these purposes I have used the Herbig
Ae star HD 163296, a well-studied object with a large number of available line and
continuum observations. These include new observations ofthe far-IR lines, obtained
using Herschel/PACS as part of the GASPS open time key program.
I have computed radiation thermo-chemical disc models using ProDiMo, and
employed an evolutionaryχ2-minimisation strategy to find the best simultaneous
model fit to the observed continuum and line data. The stellarparameters and UV
input spectrum for the modelling have been determined through detailed analysis in
the UV, optical and near-infrared.
I obtain reasonable fits to the observed photometry, ISO-SWSspectrum, far-IR
line fluxes and millimetre CO profiles for a variety of discs, and note that parameter
degeneracies preclude the precise derivation of the disc properties. In particular, the
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effects of dust settling on the vertical thermal structure of the gas in discs strongly
influence the line emission, placing further limits on the derivation of a disc gas mass
from the line data. I am able to fit the photometry and line datawi h a well-mixed disc
with gas/dust∼100, but an equally good fit is possible with a disc with gas/du t∼22, in
which dust settling is present. The main advantage of the settled model is that the fit to
the observed ISO-SWS spectrum is greatly improved, and it seem probable that some
degree of dust settling and gas-depletion is present in the disc. These discs have a radial
surface density profile as derived by Hughes et al. [2008b], with an exponentially-
tapered outer edge.
A model fit to the same data with power-law radial density profile gives a gas/dust
ratio of∼ 9. This power-law model gives the best fit to the observed SED data, although
it does very badly when it comes to fitting the radial intensity distribution of the
resolved millimetre continuum. This is due to the flat density power index required
to fit the SED and the observed CO 3-2 emission, and presents a challenge for future
modelling efforts.
The emitted line fluxes are in general sensitive to the degreeof dust settling in the
disc. This is a firm result in my models, and has serious implications for attempts to
derive the disc gas mass and other properties from line observations. This settling flux
enhancement arises from changes to the vertical temperaturnd chemical structure,
as settled dust grains allow stellar UV to penetrate deeper into the disc. The effect is
strongest in lines which are formed in the warm gas in the inner disc (e.g. a factor∼ 30
increase in the H2 S(1) line), but the low excitation molecular lines are also affected,
e.g. a factor∼ 2 increase in the13CO 1-0 line.
I explore the effects of the observed UV variability in this object on the gas
chemistry in my models, and conclude that this effect is not large enough to affect
the observable line fluxes beyond the current range of instrumental uncertainty.
I also examine the effect of X-rays on the gas chemistry of the models, and find
that while X-rays present a significant source of gas-heating in the disc surface layers,
the observed X-ray luminosity ofLX =1029.6 erg s−1 does not significantly alter the gas
chemistry or line emission. Any eff cts are smaller than those expected as a result of
the observed UV variability in this object.
It is difficult to reach any firm conclusions regarding the evolutionary state of the
disc of HD 163296. There is some evidence to suggest that the disc is gas-depleted.
This is in contrast to the result found for the Herbig Ae star HD 169142 by Meeus
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et al. [2010], where despite indications that the disc is transitional, it was found to be
gas-rich. I note that there are uncertainties associated with my gas/dust values arising
from uncertainties in the disc dust composition, and the associated opacity law. This
is reflected by the factor of∼ 3 spread in the range of derived dust masses found in
the literature for this object [Natta et al., 2004, Tannirkulam et al., 2008a, Mannings
and Sargent, 1997, Isella et al., 2007]. All of my derived dust masses are within the
range (5− 17)× 10−4M⊙ from the literature. I also note the restrictions placed on my
conclusions by the assumption of constant dust grain properties throughout the disc,
and it has been suggested that the dust properties in discs should in general be variable
with radius [Birnstiel et al., 2010, Guilloteau et al., 2011].
It is difficult to fit HD 163296 into the standard evolutionary picture developed
over the past decade. I am unable to find a single disc model which fits perfectly
the entire wealth of observational data for this object. As well as the gas/dust ratio,
there is uncertainty regarding the disc flaring, which itself is strongly tied in to the disc
gas heating and line emission, as well as being indicative ofthe disc’s evolutionary
state. Evidence of in-falling material and the presence of abipolar outflow in HD
163296 seem to indicate that the star is actively accreting material, typical of a young
object with a gas-rich disc. However, it has been suggested that the observed disc
geometry and flaring could indicate a star at a later stage of its evolution. This would be
consistent with the evidence for grain growth from my modelling, with all the models
requiring large grains to fit the observations. There is alsopossible further evidence for
particle growth from high resolution optical spectra of this object. This is consistent
with possible evidence for dust settling and gas-depletionfr m this study, but is hard
to reconcile with evidence for substantial ongoing activity in the inner disc.
My final approach has been to focus-in still further, and study the contribution
of a single gas species to the disc heating and cooling balance. I have modified
the ProDiMo code to include the bound-bound and bound-free transitionsof atomic
hydrogen, and attempted to assess the impact of these changes. This is developing
work, and further testing and analysis is necessary before drawing any firm conclusions
from the results.
In addition to the existing model of HD 163296, I have used theB[ ] object
HD 45677 as a case study with which to explore the eff cts of introducing the new
hydrogen transitions to ProDiMo. The results are found to be strongly dependent on
the EUV intensity, with a net heating eff ct which is strongly reduced in the absence
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of the spectral EUV component. This presents a challenge forfutu e modelling efforts,
since it is unclear to what extent the stellar EUV should be expected to irradiate the disc
gas. Absorption by intermediate circumstellar material would strongly attenuate the
EUV intensity, and so care must be taken when attempting to model the disc hydrogen
emission.
Self-consistent models of HD 45677 lead to vertically extended discs with hot gas
(∼ 5000 K) throughout, with very little H2 present. The hydrogen cooling is dominated
by the Lyman-α line and Lyman-continuum, with the line emission dominant in he
tenuous surface layers, and the continuum taking over at higher densities, where the
lines are optically thick.
The Brackett and Pfund series line fluxes predicted by the models are several orders
of magnitude lower than observed in the ISO-SWS spectrum of HD 45677. The
behaviour of the lines with increasing disc gas mass indicates that they are optically
thick, with the lower excitation lines showing the greatestdegree of saturation with
increasing gas mass.
It is clear from my modelling efforts that I was justified in my original assertion
that studying the gas in protoplanetary discs offers a much more powerful probe of
the disc conditions than focussing merely on the dust emission. But with great power
comes great responsibility, and it is important to bear in mid the implications of this
expanded analysis. From a modelling perspective, including the gas introduces a whole
host of potential parameter degeneracies. This is most obvious in my model fits to
observations of HD 163296, where reasonable fits to the same set of data were possible
with quite different model parameters. This is similar to the findings of Woitke et al.
[2011] for the T Tauri star RECX 15. In particular, the variation of the line fluxes with
dust settling in my models presents a significant obstacle int rms of deriving disc gas
masses from observations.
Another challenge highlighted by my models of HD 163296, andhinted at by
my preliminary work studying HD 45677, is the difficulty in trying to fit numerous
observations simultaneously with a single continuous discmodel. It is unlikely that
discs in nature would be so well-behaved, and so it is desirable to introduce more
complex models, with multiple disc zones, and gas and dust properties varying with
radius. But this in turn introduces further parameter degenracies, and it seems
appropriate to urge caution when claiming a precise derivation of the disc properties
in such a scenario. Even so, this will be an important next step and a focus for further
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study. The other obvious line of study is to continue my work on the atomic hydrogen
transitions. This will have to include a detailed analysis of the stellar EUV, and its
effect on a wide range of disc models, as well as looking at the influe ce of X-rays,
and explaining the gulf between the observed hydrogen emission and that predicted by
the models in their current form.
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P. Woitke, B. Riaz, G. Duchêne, I. Pascucci, A.-R. Lyo, W. R.F. Dent, N. Phillips, W.-F. Thi,
F. Ménard, G. J. Herczeg, E. Bergin, A. Brown, A. Mora, I. Kamp, G. Aresu, S. Brittain,
I. de Gregorio-Monsalvo, and G. Sandell. The unusual protoplanetary disk around the T
144
BIBLIOGRAPHY
Tauri star ET Chamaeleontis.Astronomy and Astrophysics, 534:A44+, October 2011. doi:
10.1051/0004-6361/201116684.
J. Woodall, M. Agúndez, A. J. Markwick-Kemper, and T. J. Millar. The UMIST database
for astrochemistry 2006.Astronomy and Astrophysics, 466:1197–1204, May 2007. doi:
10.1051/0004-6361:20064981.
P. M. Woods and K. Willacy. Carbon Isotope Fractionation in Protoplanetary Disks.The
Astrophysical Journal, 693:1360–1378, March 2009. doi: 10.1088/0004-637X/693/2/1360.
C.-C. Wu, T. B. Ake, A. Boggess, R. C. Bohlin, C. L. Imhoff, A. V. Holm, Z. G. Levay, R. J.
Panek, F. H. Schiffer, III, and B. E. Turnrose. The IUE ultraviolet spectral atlas.NASA IUE
Newsl., No. 22, 2+324 pp., 22, 1983.
C.-C. Wu, G. A. Reichert, T. B. Ake, A. Boggess, A. V. Holm, C. L. Imhoff, Y. Kondo, J. M.
Mead, and S. N. Shore. International Ultraviolet Explorer (IUE) ultraviolet spectral atlas of
selected astronomical objects.NASA Reference Publication, 1285, November 1992.
B. Yang, P. C. Stancil, N. Balakrishnan, and R. C. Forrey. Rotati nal Quenching of CO
due to H2 Collisions. The Astrophysical Journal, 718:1062–1069, August 2010. doi:
10.1088/0004-637X/718/2/1062.
S. Yi, P. Demarque, Y.-C. Kim, Y.-W. Lee, C. H. Ree, T. Lejeune, and S. Barnes.
Toward Better Age Estimates for Stellar Populations: The Y2 Isochrones for Solar
Mixture. The Astrophysical Journal Supplement Series, 136:417–437, October 2001. doi:
10.1086/321795.
B. Zuckerman, T. Forveille, and J. H. Kastner. Inhibition ofGiant Planet Formation by




Tilling et al., “Gas modelling in the disc of HD 163296”. InAstronomy& Astrophysics,
2011.
Kamp, Tilling, Woitke, Thi & Hogerheijde, “Radiation thermo-chemical models of
protoplanetary disks: II. Line diagnostics”. InAstronomy& Astrophysics, 2010.
Woitke, Pinte, Tilling et al., “Continuum and line modelling of discs around young
stars - I. 300000 disc models for HERSCHEL/GASPS”. InMonthly Notices of the
Royal Astronomical Society, 2010.
Kamp, Woitke, Pinte, Tilling et al., “Continuum and line modeling of disks around
young stars II. Line diagnostics for GASPS from the DENT grid”. In Astronomy&
Astrophysics, 2011.
Mathews et al., “GAS in Protoplanetary Systems (GASPS). I. First results”. In
Astronomy& Astrophysics, 2010.
Pinte et al., “The Herschel view of GAS in Protoplanetary Systems (GASPS). First
comparisons with a large grid of models”. InAstronomy& Astrophysics, 2010.
Thi et al., “Herschel-PACS observation of the 10 Myr old T Tauri disk TW Hya.
Constraining the disk gas mass”. InAstronomy& Astrophysics, 2010.
Meeus et al., “Gas in the protoplanetary disc of HD 169142: Herschel’s view”. In
Astronomy& Astrophysics, 2010.
146
